Federation Proceedings 


VOLUME 9 


June 1950 


NUMBER 2 





NOTES ON THE THIRTY-FOURTH ANNUAL MEETING 
OF THE FEDERATION 


Atlantic City, N. J., April 17-21, 1950 


Tae THIRTY-FOURTH ANNUAL MEETING of the 
Federation was held at Atlantic City, N. J., 
April 17-21, 1950, with the Hotel Traymore as 
headquarters hotel. Dr. C. Glen King, President 
of the American Institute of Nutrition, was 
Chairman of the Executive Committee of the 
Federation. 

Scientific sessions of the Societies were held 
in the Convention Hall, beginning Tuesday morn- 
ing, April 18th, and continuing through Friday 
afternoon, April 21st. One hundred and eighteen 
scientific sessions were held, at which 1200 papers 
were presented and 140 papers were read by title. 
Motion pictures were shown at a special session 
on Wednesday evening preceding the “Mixer.” 

_Dr. King presided at the Joint Session held in 
Convention Hall on Tuesday evening. Symposia 
were presented by the American Society of Bio- 
logical Chemists, the American Society for Phar- 
macology and Experimental Therapeutics, the 
American Institute of Nutrition and the Amer- 
ican Association of Immunologists. Three So- 
cieties had dinner meetings this year and various 
smaller groups arranged special functions in- 
cluding meetings, dinners and luncheons. The 
registered attendance was 4,628, including ex- 
hibitors and wives of members, a total registra- 
tion approximately 30 per cent greater than that 
of last year. Scientists in attendance were again 
about equally divided between Society members 
and non-members. 

Eighty-two exhibits, occupying 108 booths, 
were shown, including for the first time scientific 
exhibits by members, laboratories and institu- 
tions. 


FEDERATION ACTIONS 


The following actions of general interest were 


taken by the Executive Committee of the Federa- 
tion: ; 

1. It was announced that travel awards of 
$500 each to the 18th International Physiological 
Congress had been granted to the following 12 
individuals: Drs. George B. Koelle, Manuel F. 
Morales, Stanley J. Sarnoff, Aser Rothstein, 
William L. Nastuk, L. H. Peterson, Alfred A. 
Schiller, Carlton C. Hunt, F. E. Shideman, 
Robert T. Clark, Jr., Carroll M. Williams and 
Marjorie A. Swanson. 

2. It was voted to print a revised version of the 
proposed Federation Constitution and By-laws 
in the December 1950 issue of Federation Pro- 
ceedings for the information of all members, 
and to take final action on adoption at the 1951 
meeting. 

3. The plan of encouraging industrial firms 
in the pharmaceutical and chemical fields to show 
scientific exhibits from their research divisions 
will be continued. 

4. The functions of the Control Committee 
for Federation Proceedings were transferred to the 
Society Secretaries and the Control Committee 
was discharged. 

5. The Federation assessment for the year July 
1, 1950 through June 30, 1951 was set at $2.00 
per member of each Constituent Society. All 
members of a Society, whether retired, honorary 
or belonging to another Society are included. 

6. Dr. M. O. Lee was reappointed Federation 
Secretary. 

7. Abstracts of papers submitted for the 1951 
meetings will be limited to 275 words rather than 
250 as heretofore, but all words of title, authors’ 
names and addresses will be included in the count. 
The Executive Committee also ruled that only 
the first-named author of a paper may present 
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it and that in his absence the paper may not be 
given. 

8. Plans were confirmed to hold the 1951 meet- 
ing in Cleveland, Ohio, April 30-May 4, and 
the 1952 meeting in New York City, April 14-18. 

9. The Societies approved the recommendation 
of the Executive Committee that the member- 
ship of the Federation be asked for individual 
contributions to the National Society for Medical 
Research. 

10. The American Association of Immunologists 
will be host Society for the 1951 meeting and will 
arrange the program of the Joint Session. Dr. 
Geoffrey Edsall, President of the Association of 
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Immunologists, will serve as Chairman of the 
Federation Executive Committee beginning July 
1, 1950. 


PLACEMENT SERVICE 


The work of the Federation Placement Service 
will be continued along the present general lines, 
sending semiannual lists of its applicants with 
monthly supplements to registered employers. 
The Service plans to send quarterly lists of posi- 
tion openings to the heads of university depart- 
ments in the fields of the Federation Societies, 
so that the information may be available to 
graduate students about to receive their doctoral 
degrees. 


CORRECTIONS OF ABSTRACTS IN MARCH ISSUE 


Page 49. Goranson, DaNnorr AND PurpieE: The 
second sentence of the abstract should read, 
“More recent studies show a reversal of this 
increase in phosphorylase activity on refeeding 
with carbohydrate and a less significant re- 
versal on refeeding with an isocaloric fat diet 
after a period of inanition.”’ 

Page 91. MoreHnouss, Hugues, PRANGE AND 
WesskL, line 8: The word “footward” should 
read “headward.” 

Page 116. SHanes, line 23: The fraction ‘}” 
should read “ 3.” Line 25: The figure “3” 
should read “3.” 

Page 127. TocanTINs anp CaRROLL, line 14: 
Delete the word “using.” Line 20: “guek” 
should read “gue.” Line 23: The phrase in 
parentheses should read, “‘units/gm. tissue.’’ 

Page 183. Havrowitz, Tunc anp Cinpt: Line 
21 should read, “mm. Hg. Reaction (I) is 
reversible between O° and” 

Page 216. Putnam aND GOoLDWASSER, line 24: 
The sentence beginning in this line should read, 
“Equivalent spherical diameters calculated 
from diffusion (94 my), from biological infec- 


tivity (98 mu), and from sedimentation (60 mu) 
are in fair agreement with... .”’ 

Page 226. Senproy aND Maraaria, line 8: 
The expression, “10°—>t minutes,” should read 
10-15 minutes.” 

Page 244. Wein anp Mauer, line 10: The word 
“cysteine” should be omitted. Line 18: The 
sentence beginning in this line should read, 
“Results obtained with irradiated lysozyme 
indicate that histidine, and to a lesser degree 
tryptophane, can be considered as essential 
groups of this enzyme, while methionine by 
itself has no importance.” 

Page 187. JoHNSON AND Coun: Lines 13 and 14 
should read, ‘‘or equally well by pantoic acid 
and by methionine but was not reversed by 
6-alanine, p-aminobenzoic acid,” 

Page 253. ADAMS AND Larson, column 2, line 16: 
The phrase in parentheses should read, “(S.D. 
= 1.22 for 22 rats).” Column 2: The last line 
should read, “citrate and malonate which pro- 
longed it significantly.” 

Page 353. BLUMBERGER, SCHLESINGER AND Gor- 
Don, column 1, line 13: The phrase, “estimated 
LDso”’ should read “estimated LDo.” 





JOINT SESSION OF THE FEDERATION 
ATLANTIC CITY, NEW JERSEY, APRIL 18, 1950 
Chairman: C. G. Kinc 





STUDIES RELATED TO THE ADRENAL CORTEX 


Epwarp C. KENDALL 
From the Division of Biochemistry, Mayo Foundation 


ROCHESTER, MINNESOTA 


; FIFTEEN YEARS AGO a group of crystal- 
line compounds were isolated from the adrenal 
cortex. They were shown to be derivatives of 
pregnane, and they differed one from the other 
in the number of hydroxyl and ketone groups 
attached to the pregnane nucleus. In several of 
these compounds a double bond A‘: § also was 
present, conjugated with a ketone group at C-3. 
This part of the chemical investigation of the 
adrenal cortex was carried out independently by 
three groups of workers: in this country by 
Wintersteiner and Pfiffner at Columbia Univer- 
_ sity, by my associates and myself in the labora- 
tory of the Mayo Foundation, and by Reichstein 
and his associates in Switzerland (1). 

In 1937 Steiger and Reichstein (2) prepared 
desoxycorticosterone, and shortly thereafter it 
was shown that adrenalectomized animals and 
patients who had Addison’s disease could be 
maintained either by careful control of the intake 
of sodium, potassium and chloride in the food 
or by the use of a few milligrams of desoxycor- 
ticosterone per day (3). 

Yet, although the metabolism of electrolytes 
and of water could be controlled, the animals or 
patients were not maintained in full vigor and 
the best results obtained with desoxycorticos- 
terone were not so satisfactory as were those 
which followed the use of an extract of the adrenal 
cortex. It was assumed that the extract of the 
adrenal cortex gave more satisfactory results 
because in such an extract there were present 
the four steroids designated A, B, E and F, which 
had either a ketone or a hydroxyl group at C-11 
(fig. 1). 

Investigations on small animals showed that 
these hormones produced a marked effect on 
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carbohydrate and endogenous protein metabo- 
lism, although they did not influence significantly 
the metabolism of electrolytes (4,5). It was an- 
ticipated that the hormones with oxygen at C-11 
would be of value in the treatment of Addison’s 
disease, and it was speculated that they would 
also be of value in the treatment of burns, trau- 
matic injury, shock and certain forms of infec- 
tion. Beyond these nebulous hopes, no one sug- 
gested that the hormones of the adrenal cortex 
would find wide application in clinical medicine. 

The war furnished a strong stimulus for a 
concerted effort to make the hormones of the 
adrenal cortex from some starting material much 
more abundant than the adrenal glands, and the 
preparation of these compounds was placed high 
on the agenda of the National Research Council. 
Conferences were held in Washington and work 
was undertaken from several different avenues 
of approach. In 1944 a method was devised in 
my laboratory for the preparation of compound 
A, and in 1945 Merck and Co., Inc. prepared a 
large sample of compound A by this method. 
Compound A, prepared by partial synthesis from 
desoxycholic acid, was shown to produce on 
adrenalectomized rats the same physiologic ef- 
fects as did this hormone separated from the 
adrenal cortex, but when it was employed for 
patients who had Addison’s disease it was found 
to be of little value (6, 7). This was a great dis- 
appointment, and interest in the hormones of 
the adrenal cortex sank to a very low level. 
In 1946 there was no conclusive evidence that 
compound E was qualitatively different from 
compound A, and there was no assurance that 
large-scale production of compound E was worth 
while. 

Under these circumstances Merck and Co., 
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Inc. adopted a course which was a compromise. 
They decided to make a small sample of com- 
pound E. An important reason for this decision 
was the fact that in 1946 Dr. L. H. Sarett, work- 
ing in the research laboratory of Merck and Co., 
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The flow sheet for the preparation of compound 
A is shown in figure 3 (9-11). 

In April 1948, a few grams of compound E 
acetate were in hand, and it seemed advisable to 
Merck and Co. to hold a conference with a 
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Fig. 1. Compounps A, B, E and F are 11-dehydrocorticosterone, corticosterone, 17-hydroxy-11-de- 
hydrocorticosterone and 17-hydroxycerticosterone, respectively. Compounds E and F differ from com- 
pounds A and B by the hydroxyl group at C-17. Compounds A and E possess a ketone 
at C-11 and compounds B and F a hydroxyl group at C-11. Desoxycorticosterone is not substituted 


either at C-11 or C-17. 


Inc., had prepared a few milligrams of compound 
E, but the yield was so small that the method 
which he used could not be applied to large-scale 
production (8). During the following 18 months 
important improvements in some of the steps in 
the preparation of compound A were devised in 
my laboratory, and Dr. Sarett discovered an 
entirely new procedure for introduction of a 
hydroxyl group at C-17. The final yield was 
raised nearly a hundredfold. I do not know the 
weight of the bile acid which was used by Merck 
and Co. for the preparation of compound E, 
but I do know that the calculated yield of com- 
pound E was 5 gm. Without the use of any more 
starting material the actual yield was no less 
than 400 gm. 

Compound E is the most complex of any phar- 
maceutical product that has been prepared by 
partial synthesis (fig. 2). To make a few grams by 
laboratory methods is time-consuming and in- 
volves much labor, but to make this hormone on 
a factory scale is a major project without prec- 
edent. 


<i 
OH 


Desoxycholic Acid Compound E 


Fig. 2. THe Conversion of desoxycholic acid to 
cortisone involves five alterations: (1) removal of 
oxygen from position C-12 and substitution of C-11 
with oxygen; (2) removal of the side chain; (3) 
elaboration of the ketol side chain; (4) oxidation 
of the 3-hydroxyl group to a ketone and intro- 
duction of a double bond, and (5) substitution of 
C-17 wit! a hydroxyl group. 


group of clinicians to consider how the material 
should be used. This conference marks the all- 
time low point in the fortunes of compound E. 
Some confidence in the value of compound E 
for the treatment of Addison’s disease was ex- 
pressed, but for the most part it was feared that 
the compound would take a place among dis- 
carded drugs, right beside compound A, and 
Merck and Co. had decided that unless some 
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wide demand for compound E developed, they 
would not make more of this hormone. 

A method to remove the acetate group from 
compound E acetate was devised in my labora- 
tory by Dr. V. R. Mattox (12), and on September 
21, 1948, Dr. C. H. Slocumb injected 100 mg. of 
compound E intramuscularly into a patient who 
had rheumatoid arthritis. Throughout the winter 


STUDIES RELATED TO ADRENAL CORTEX 


503 


The effect of compound E on rheumatoid ar- 
thritis was first reported on April 20, 1949, and 
shortly thereafter there were rumors of a sharp 
increase in the sale of vitamin E. One energetic 
company went so far as to advertise ‘vitamin E 
compound.’ For this reason it seemed desirable 
to give a distinctive name to compound E. Dr. 
Hench and I chose the name ‘cortisone,’ which 
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Fig. 3. FLow sHEET for the conversion of desoxycholic acid into 11-dehydrocorticosterone (compound 
A). Introduction of a hydroxyl group at C-17 to form cortisone requires eight additional steps. 


of 1948-1949 15 more patients received the hor- 
mone, and in the spring 5 patients who had rheu- 
matic fever received compound E (13). 

The effect of compound E on rheumatoid ar- 
thritis and rheumatic fever has been widely pub- 
licized. Most of you already know that the 
effect of compound E was obvious in all patients 
who had rheumatoid arthritis and rheumatic 
fever. To the present, more than 300 patients 
who have rheumatoid arthritis have received 
compound E. The condition of all has responded. 
I have not heard of a single exception. 


was derived by deletion of certain letters from 
the name, 11-dehydro-17-hydroxycorticosterone. 

In the response of patients who have rheuma- 
toid arthritis it was observed that there was a 
uniform pattern after the administration of cor- 
tisone. The first effect was relief of the stiffness 
and soreness of the muscles. This was followed 
by loss of swelling, and finally by loss of tender- 
ness of the joints. A feeling of well-being and a 
decrease in the sedimentation rate followed these 
first effects of curtisone. 

Since these changes are brought about by 
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cortisone alone, a question arises concerning the 
functional capacity of the adrenal cortex. Is 
failure of the adrenal cortex to produce cortisone 
an important etiologic factor in rheumatoid ar- 
thritis? This.does not appear to be probable. 
The incidence of rheumatoid arthritis among 
patients who have Addison’s disease is not in- 
creased, and examination of patients who have 
rheumatoid arthritis has not revealed significant 
symptoms of adrenal insufficiency (13). Deter- 
mination of the rate of excretion of 17-ketoster- 
oids and corticosteroids has failed to show a 
significant decrease in the apparent functional 
capacity of the adrenal cortex. These results 
have formed a screen behind which were hidden 
the so-called collagen diseases which we now know 
are affected by cortisone. 

Immediately after the announcement that cor- 
tisone relieved the symptoms of rheumatoid ar- 
thritis there was one thought—I may even say 
‘conviction’—which occurred to many chemists 
and clinicians in many different institutions. 
It was this: If cortisone is good for rheumatoid 
arthritis and rheumatic fever, there must be 
several other substances which are just as good 
or better. In the first publication issued on April 
21, 1949 (14) there was a statement, boxed off 
in a wide black border, to the effect that com- 
pound E was not then available and that a year 
or more would have to elapse before it could be 
produced in significant amount. 

The common reaction to this statement was 
to ask, Why wait a year or more? Surely some- 
thing else must also be active. Long lists of ster- 
oids were made out and intensive work was begun 
to make these substitutes. The same thought that 
something simpler might be useful came to mind 
in our laboratory, and we first tested the action 
of compound A. Used either alone or with cor- 
tisone, compound A was completely inactive. 

Today many extensive investigations are being 
carried out in several laboratories in the hope 
that some happy combination of hydroxyl and 
ketone groups attached to an easily prepared 
nucleus will have an effect which will make the 
manufacture of cortisone unnecessary. These in- 
vestigators have before them the example of 
how satisfactorily diethylstilbesterol can perform 
as an estrogen. It cannot be denied that this 
precedent does exist, but to find a compound 
which bears a relationship to cortisone similar 
to that between diethylstilbesterol and estradiol 
seems to be a much more difficult problem. The 
odds are heavily against a quick and success- 
ful answer. 
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The following compounds have been tried as 
possible substitutes for cortisone: desoxycorticos- 
terone, 17-hydroxyprogesteron, 17-hydroxy- 
11-ketoprogesterone, 11-dehydrocorticosterone, 
11-desoxycortisone, 20-dihydro-11-desoxycorti- 
costerone, A*-pregnenolone, 4 ,5-dihydrocortisone 
and A‘*-dehydrocortisone. The results obtained 
indicate that the tissues of the body do not have 
the power to elaborate cortisone from closely 
related compounds. The introduction of ketone 
or hydroxyl groups or even of a double bond at 
C,:C; apparently cannot be accomplished. On 
the other hand, these compounds appear to be 
altered into some product quite different from 
the material which was injected. Cortisone is 
not excreted in significant amounts in the urine, 
and the same statement can be made of all the 
other compounds (15). 

The adrenal gland itself appears to be the 
workshop wherein are contained the enzymes 
which can elaborate the hormones of the adrenal 
cortex. The many steroids which are found in 
the gland (1) probably are intermediate com- 
pounds which are retained within the gland and 
are not released until they in turn have been 
completely elaborated into cortisone, or closely 
related compound F. Only the finished hormones 
are released when the gland is stimulated. This 
conclusion is based on the recently acquired evi- 
dence that dehydrocorticosterone (compound A) 
is almost devoid of physiologic activity in the 
human being (7), and on the fact that through 
use of paper chromatography only cortisone and 
compound F are found in the urine. I refer to 
the work of Zaffaroni, Burton and Keutamann 
(16). Finally, Pincus and his associates have 
shown that perfusion of the adrenal gland of 
beef results in the release of compound F. This 
was not accompanied by the mass of other ster- 
oids known to be present in the gland (17). 
How much cortisone or compound F is produced 
by the human adrenal cortex in 24 hours and 
how long a molecule of cortisone remains active 
in normal tissue are questions which have not 
yet been answered. 

Evidence has been submitted to show that ster- 
oids closely related to cortisone do not affect 
the symptoms of rheumatoid arthritis. I shall 
now point out some results which illustrate the 
high specificity of cortisone. 

During the clinical use of cortisone I made the 
observation that some samples of the hormone 
contained an impurity which was shown to be 
A*-dehydrocortisone (fig. 4). I shall refer to the 
compound as the ‘diene.’ Dr, Mattox and I even- 
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tually succeeded in the preparation of this com- 
pound, and it was employed on normal and ad- 
renalectomized rats by Dr. George M. Higgins, 
of the Mayo Foundation, and by Dr. D. A. 
McGinty of Parke, Davis and Company. In 
summary, it was found that the diene was less 
toxic than, and yet by other criteria it was as 
potent as, cortisone. Adrenalectomized rats when 
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Fig. 4. A*-DEHYDROCORTISONE acetate. 


given the diene not only survived but gained 
weight. The diene caused atrophy of the adrenal 
cortex and brought about the deposition of gly- 
cogen in the livers of fasting adrenalectomized 
rats. On the basis of these results one would an- 
ticipate that the diene would closely resemble 
cortisone in its effect on patients who had rheu- 
matoid arthritis. 

The diene was given to such a patient, who 
_ previously had received cortisone, but the re- 
sponse was negligible. This result could not be 
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predicted, but now that it is known, the chances 
of finding a substitute for cortisone seem 
even more improbable than before (fig. 5). An- 
other effect of the diene, exerted on the lympho- 
cytes of the blood, was unanticipated and re- 
mains unexplained. Cortisone produced a marked 
decrease in the number of lymphocytes. The 
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Fig. 5. THE THREE FORMULAS differ only in re- 
spect to the degree of unsaturation. That is, 4,5- 
dihydrocortisone does not have any double bond. 
Cortisone has one double bond at position 4, 5, and 
A*-dehydrocortisone is a conjugated diene. 
Cortisone possesses high physiologic activity. 
The diene closely resembles cortisone in its physi- 
ologic activity but does not influence the symp- 
toms of rheumatoid arthritis. 4,5-Dihydrocorti- 
sone is devoid of physiologic activity. 


diene increased the lymphocytes even above the 
normal value (18). These effects of cortisone and 
of the diene on the tissues, the bone marrow and 
the cells in the blood indicate how little is known 
concerning the relationship between chemical 
structure and physiologic activity. Today we 
find ourselves both surprised and humble. 
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PROTECTION OF LIVER AND KIDNEYS BY DIETARY FACTORS 
CHOLINE AND ITS PRECURSORS AS LIPOTROPIC AGENTS 


CHARLES H. Best 


From the Department of Physiology, University of Toronto, and the Banting and Best 
Department of Medical Research 


TORONTO, ONTARIO, CANADA 


O.: CHAIRMAN gave me considerable scope in 
the selection of a subject to present before this 
Federation of Biologists. As you may know, my 
main interests have been in diabetes and insulin, 
histamine and histaminase, in heparin, in choline 
and its precursors, and in the anterior pituitary 
factors which mobilize fat. It was suggested to 
me that any aspect of these fields which I found 
particularly attractive at the moment would be 
suitable for discussion. I felt, perhaps without 
justification, that I was representing the Nutri- 
tion Group and considered seriously only two 
titles: “Dietary Factors Which Affect the Insulin 
Content of Pancreas” and “Choline and Its 
Precursors as Lipotropic Agents.”’ I have chosen 
the latter, but before entering this intriguing and 
rapidly expanding field I would like to discuss, 
by way of introduction, some of the factors 
which affect fat mobilization. I have been keenly 
interested in this subject ever since I saw the 
empty fat depots and the large yellow livers of 
our moribund diabetic dogs before insulin be- 
came available in 1921 (1). 

Both insulin and choline are very effective 
mobilizing agents for fats. They have proved 
excellent tools for forcing the doors of ignorance 
of fat metabolism. 

The liver is a junction in the body’s transporta- 
tion system for fat. The causes of the deposition 
of excess amounts of fat in the liver can be di- 
vided into three general groups. First, the mobi- 
lization of an abnormal amount of fat to the 
liver; second, a decrease in the effectiveness of 
the factors which normally promote movement 
of fat away from the liver; and third, interference 
with the normal ability of the liver cells to 
metabolize fat. It is obvious that under many 
circumstances more than one of these processes 
may be operative. In starvation, in diabetes, 
and after the administration of the growth or 
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adrenocorticotrophic hormone, large amounts of 
depot fat find their way to the liver cells. The 
liver can be made fatty by the addition of an 
excess of fat to a normal diet. This is, in part, 
due to a relative deficiency of choline. It can 
be made extremely fatty by withdrawal of the 
lipotropic agents from a diet, even if this con- 
tains no fat, and it can be made to deposit at 
least moderate amounts of fat by intoxicating 
the liver cells with a great variety of poisonous 
substances. Carbon tetrachloride or phosphorus 
will serve as examples. A moderate, long-con- 
tinued intoxication, by permitting the liver cells 
to live and the organism to replenish its fat 
depots, may produce a fattier liver than an 
acute massive poisoning. A decreased partial 
pressure of oxygen (high altitudes) or an anemia 
will produce a fatty liver. Some day we will 
know in detail the enzymatic processes inhibited 
by this anoxia, by the toxic agents, by the lack 
of the lipotropic factors, and when insulin is no 
longer available in the body. (A series of colored 
slides was shown illustrating the development 
of fatty livers in rats on choline-deficient diets 
(2); the hemorrhagic kidney syndrome (8); and 
the appearance of cirrhotic changes (4-7).) 

It would appear that the distribution of fat 
in the liver lobule of the rat depends upon the 
source of the fat, ie. whether depot or dietary. 
The excess fat which appears in the liver of the 
fasting animals is deposited in the periphery of 
the liver lobule. The anterior pituitary factors 
intensify the deposition in the same area. 

The increase in the rate of lipid mobilization 
produced in the fasting animal by administration 
of extracts of the anterior pituitary gland is 
remarkable (8). In half a day the liver fat of the 
injected animals may increase to three times the 
amount in similarly fasted controls. Using deu- 
terium-labelled fat, Barrett, Best and Ridout 





June 1950 


(9) and Stetten and Salcedo (10) have shown that 
the excess liver fat comes from the depots. 

These anterior pituitary extracts apparently 
increase the amount of fat utilized since more is 
lost from the depots than appears in the liver 
and kidneys (8, 11). A fat-mobilizing factor 
appears in the urine of fasting rabbits (12) but 
is absent when the animals are fed. Since it has 
been shown that both the growth factor and 
ACTH exert this fat-mobilizing effect (13, 14), 
it will be interesting to determine the nature and 
physiological actions of the material excreted by 
fasted animals. Is it an adrenal product or one of 
the pituitary factors? 

In sharp contrast to this peripheral distribu- 
tion, a deficiency of the lipotropic agents causes 
fat to accumulate first and to persist longer in 
the center of the liver lobule (15). This centrally 
distributed fat comes from dietary carbohydrate 
or protein. These findings apply to the white rat. 
Other species have not been adequately studied. 

I was not able to obtain any data from the 
literature on the exact distribution of the excess 
fat in the hepatic lobule after removal of the 
pancreas. My colleagues, Drs. Fraser, Clowes, 
Hartroft and Ridout, and I are attempting to 
fill in this gap in our knowledge. In the fasted 
diabetic animal the rapid increase in liver fat is 
presumably due to mobilization from the depots. 

When these animals are fed and are absorbing 
fat at the same time as it is being lost from their 
fat reserves, the picture may become more com- 
plex. In diabetes one sees many of the phenom- 
ena of starvation in a well-fed animal. 

It is remarkable that liver and kidney (and 
these tissues alone) both show a deposition of 
excess amounts of fat under the conditions which 
we have been discussing. In diabetes, after in- 
jecting anterior pituitary extracts, and when the 
lipotropic factors are removed from the diet, 
the kidney exhibits a definite increase in stainable 
fat with an actual rise in fat content. This in- 
crease is small in comparison with that in the 
liver but the rise in the fat content of the af- 
fected kidney cells is considerable and almost cer- 
tainly plays a role in the causation of certain 
major changes in fuhction. 

It has, of course, been firmly established since 
our early experiments with insulin that it promotes 
fat deposition in the depots. The emaciated dia- 
betic dog (or child) gets fat when insulin is ad- 
ministered. The large fatty liver decreases to 
the normal size. The ketosis disappears. Many 
of these findings were reported from Toronto in 
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1922. The work of Bouckaert (16), of Drury 
(17), and the more recent findings of Stetten 
and Klein (18) provide evidence that insulin 
possesses a lipogenic action, i.e. it accelerates the 
formation of fat from carbohydrate. Since the 
antidiabetic hormone causes a rapid disappear- 
ance of excess fat from the liver it also exerts a 
lipokinetic effect and this may or may not prove 
to be secondary to its lipogenic action. 

The accumulation of fat in the liver when cer- 
tain toxic agents are administered is in part at 
least due to increased mobilization from the 
depots (9). The histological appearance of the 
liver cells after, for example, carbon tetrachloride 
indicates that they are extensively damaged (19) 
but Ennor (20) has reported that the ability of 
slices from these fatty livers to oxidize added 
fatty acids is not impaired. This property may 
not run parallel to the ability of the intact liver 
to metabolize fat. 

But it is high time that I returned to the 
titular subject of this lecture—“The Lipotropic 
Agents.” Some time after my colleagues and 
I had discovered the lipotropic action of choline, 
betaine and protein (2, 21, 22), I decided to 
adopt a name for these agents. I considered the 
Greek words tropheo and tropeo. The former 
means ‘to nourish,’ the latter ‘to affect’ or 
‘change.’ I decided that ‘tropeo’ was the one I 
wanted. Many suggestions were made by my 
associates and I will not even mention some of 
the monstrosities which I discarded. My one-time 
colleague N. B. Taylor was the first to suggest 
‘lipotropie’ and I eventually decided to adopt 
this term. It has now come into rather general 
use and we have suggested that it should indi- 
cate all the protective actions which choline 
and its precursors exert on the liver and kid- 
neys. Many years after we had introduced the 
term it was brought to my attention that cer- 
tain medical dictionaries, other than those which 
I had consulted, had listed the word ‘lipotropic’ 
for some years with a meaning quite different 
from the one I wished it to convey. My first 
reaction was to abandon the term and recom- 
mend another, but on second thought I felt that 
perhaps it was already too late to change and 
that usage would eventually determine the mean- 
ing. It is being used hundreds of times each year 
in the sense which I suggested and I have never 
seen it in the literature with the other connota- 
tion. The medical dictionaries, however, do not 
yet speak with a single voice! 

It is not my intention to survey the whole 
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field of the lipotropic agents this evening but 
to stress certain misconceptions which are im- 
peding progress, to mention some of the work 
presently going on in our laboratory and to dis- 
cuss very briefly the problems of the future. 


CERTAIN MISCONCEPTIONS 


Clinicians interested in the lipotropic agents 
could help us by distinguishing more sharply 
between therapeutic indications and fundamental 
knowledge. Studies on human subjects are ex- 
tremely stimulating to those of us who work on 
laboratory animals. When valid evidence is pre- 
sented that the addition of choline or its precur- 
sors exerts no favorable effect on the recovery 
from certain types of liver damage, the choline, 
methionine, and perhaps betaine content of the 
diet should, if at all possible, be determined and 
reported. In many cases the diet itself already 
contained what would appear to be obviously an 
optimal amount of the lipotropic factors. Recent 
developments indicate that it will certainly be 
necessary in future lipotropic studies to consider 
also the amounts of folic acid and vitamin By: 
in the diets. 

Experimentalists are not immune to this same 
‘deficiency’ from which some clinicians suffer 
and there are examples in the very recent litera- 
ture of investigators having failed to recognize 
the presence of highly significant amounts of 
choline in the diets or preparations which they 
were studying. I will not assail again the crude 
pancreatic extract ‘lipocaic,’ but this situation 
could be resolved so readily that it is difficult 
to understand why it is not settled. Is it not 
possible to have samples of this pancreatic ex- 
tract approved by a sponsor of ‘lipocaic’ delivered 
to five well-qualified laboratories for estimation 
of the known lipotropic agents, including sub- 
stances such as vitamin B,. which may potentiate 
or spare choline? These findings compared with 
the lipotropic activity of the ‘lipocaic’ would 
settle the question of its existence. We have 
found large amounts of both free and bound 
choline in materials recently stated in the litera- 
ture to contain little or none. 

There has never been any evidence that the lability 
of the methyl group of choline plays an essential 
role in its lipotropic action. This point has been 
re-emphasized recently by Welch (23) who was 
one of the first to study a substance—arseno- 
choline—without labile methyl groups but with 
lipotropic action. My colleagues McArthur and 
Lucas have shown that the triethyl homologue 
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of choline is, like the analogue arsenocholine, 
incorporated intact into the phospholipid mole- 
cule during its lipotropic action (24). It may be 
correct to state that the labile methyl content of 
a diet parallels its lipotropic activity. But, it 
must be recognized that there are no criteria or 
methods for determining what proportion of the 
total methyl groups of a diet will become labile 
under different environmental, nutritional or 
other experimental or clinical conditions. The 
non-lability of choline methyl groups in choline 
used for lipotropic purposes must be kept in 
mind. It is not correct to write “the labile 
methyl groups provided by choline, methionine 
and betaine for lipotropic purposes.” 

Another pitfall into which the unwary continue 
to stumble is that of the ‘pseudolipotropic’ effect 
of a low caloric intake. Twelve years ago Best 
and Ridout (25) published data demonstrating 
the effects of variation in caloric intake on dep- 
osition of liver fat. Reports of lipotropic ac- 
tivity cannot be accepted when neither the 
change in weight nor the food consumption of 
animals is recorded during the administration 
of a substance which may well diminish appetite. 
The diets under investigation should be either 
pair-fed or fed isocalorically or in certain cases 
be fed so as to produce comparable changes in 
weight of control and test animals. 

Excess liver fat is not the only thing affected 
by a lowered caloric intake! The apparent preven- 
tion and cure of atherosclerosis by choline ad- 
ministration claimed by several groups of workers 
are only an effect of low caloric intake, as First- 
brook in our laboratory has recently shown. This 
claim for choline has no firm basis in fact and 
may serve as a false pathway which diverts 
energy from both the profitable study of athero- 
sclerosis and the real realms of choline action. 

Enough of negativism. Let us see what progress 
is being made. The development of our knowledge 
of these dietary factors which in many species of 
animals are essential for the normal functioning 
of the liver and kidneys has proceeded slowly 
but fairly logically from the recognition of the 
fact that some pancreatic factor in addition to 
insulin is necessary for the health of depancrea- 
tized dogs. The sequence in one line of progress 
has been the addition to the diet of fresh pancreas 
(26, 27), crude lecithin (28), purified lecithin 
(29), choline (2) and its precursors betaine (21) 
and methionine (30). The efficacy of fresh pan- 
creas in preventing liver damage has given a 
lead in a second direction—the recognition of the 
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action of pancreatic enzymes in liberating me- 
thionine from protein and thus enabling this 
versatile metabolite to provide, among its several 
important roles, methyl groups for choline syn- 
thesis (31). The interesting lipotropic effect of 
inositol (32) which is of moderate intensity in 
fat-free diets and absent when fat is present has 
not yet been related to the choline story. Some 
meeting ground will certainly be discovered. 
The only other naturally occurring lipotropic 
agent is B-propiothetin, the distribution of which 
is not yet sufficiently well established to assess 
its physiological or practical importance (33). 

The relative potency of four naturally occur- 
ring lipotropic factors, choline, betaine, methio- 
nine and inositol, has recently been determined 
by my colleagues, Lucas, Ridout, and Patterson, 
using dose-response curves (34). Choline, because 
it is the most potent and because the others, 
with the exception of inositol, are its precursors, 
has been the standard of reference. It has not 
been found possible to establish a simple rela- 
tionship between the potencies of these sub- 
stances under. various conditions because the 
dose-response curves are of different shape. It 
is necessary, therefore, to select some convenient 
but arbitrary set of conditions and to realize that 
the findings apply only to them. In other words, 
the relationships between the various lipotropic 
agents are complex. One obvious reason for this 
is that these agents serve other masters in addi- 
tion to lipotropism and their work on behalf of 
the one master is affected by the pressures ex- 
erted by the others. In rapidly growing animals, 
for example, there is an increasing body of evi- 
dence that the demands for purposes of growth 
must be in large part satisfied before any dietary 
methionine becomes available for lipotropic ac- 
tion, 

We should attempt to distinguish between the 
lesions which are primarily due to choline de- 
ficiency and those which are secondary to the 
deranged function of the liver or kidney. The 
fatty liver and the hemorrhagic kidney are pri- 
mary lesions. They can be completely prevented 
by choline. The cirrhosis of choline deficiency is 
always secondary to fatty infiltration. The fatty 
changes and the cirrhosis (if not too advanced) 
ean be made to disappear by choline administra- 
tion. The uremia, eye lesions, and prolonged 
excitability of nerve or muscle after nerve section 
are secondary to the kidney damage. The same 
lesions are produced by bilateral nephrectomy. 
They may presumably be favorably affected 
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only if the kidney lesion due to dietary deficiency 
can be made to regress. Choline administration 
accomplishes this in part only. The threat of 
uremia is averted and the lesions associated 
with it are avoided. The prolonged excitability of 
nerve or muscle is probably eliminated when 
choline is restored to the diet, although no de- 
tailed study has been made of this point. But the 
trend toward hypertension, the preliminary re- 
ports on which were presented here last year, 
may be accentuated when the threat of uremia 
and its lethal sequelae are eliminated. It is 
unnecessary to stress again the virtues of pre- 
vention as compared to attempts to cure. 

The findings which Hartroft and I reported 
(35), that less than a week of a deficiency of 
choline or its precursors in the diets of young 
rats led to high blood pressure in 25 per cent 
of the animals maintained on a good normal diet 
except for this short interval, have been confirmed 
in other laboratories. We fully realized that the 
implications of these results are more stimulating 
and valuable than the actual findings. We be- 
lieve that similar studies should be conducted 
in which severe but transient and sub-lethal lesions 
of many types affecting a variety of organs are 
produced in young animals, which should then 
be allowed to mature on normal diets. Young 
animals should be subjected to other dietary 
deficiencies and then returned to full rations. The 
field is completely open and will, I trust, be 
thoroughly explored. _ 

Our laboratory is actively engaged in a number 
of other aspects of the choline work. Dr. Hartroft 
and Miss Merritt are studying other phases of 
this hypertension story. They have repeated 
Calder’s work in which a diet low in the B vi- 
tamins, with the exception of thiamine, was 
thought to produce renal lesions and a slight but 
definite hypertension. A raised blood pressure 
has not been found in our strain of white rats 
on comparable diets. Dr. Hartroft is interested in 
the effects of the protein content of the diet, as 
suggested by Handler, in the effects of the re- 
moval of the adrenals and in various other studies 
on this type of hypertension. 

We have seen few tumors in our strain of Wis- 
tar rats which have been kept on a diet low in 
the lipotropic factors as long as 16 months. Dr. 
Hartroft has, however, greatly extended his work 
on the formation and disappearance of the fatty 
cysts (lipodiastemata) in the livers before and 
after the cirrhotic process appears. I am in- 
debted to him for allowing me to show the slides 
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illustrating the mechanism by which fat may pass 
from these cysts into the bile canaliculi, and 
also the process by which it reaches the sinusoids 
of the liver and thence enters the hepatic vein. 
This might be one of the processes by which fat 
embolus in the lung occurs. (A series of colored 
slides illustrating these processes was shown.) 
Dr. Hartroft will shortly be reporting the details 
of this work. 

Dr. George Clowes and Dr. Lloyd Macpherson 
are attempting to provide us with a more con- 
venient animal than the depancreatized dog or 
one with pancreatic ducts tied to test anti-fatty 
liver fractions. By surgical interruption of the 
pancreatic ducts of rats they have already pro- 
duced fatty livers in animals which were ingest- 
ing a ration which prevented fatty livers in 
normal rats. The identification of the most satis- 
factory enzyme systems, effective when given 
by mouth, for the liberation of methionine from 
dietary protein may be of considerable interest 
and this experimental animal may provide a 
simpler test for such a system. This work is an 
obvious extension of the field developed so pro- 
ductively and well by Chaikoff, Entenman and 
their collaborators (36). The most recent word 
from these investigators is that their pancreatic 
anti-fatty liver factor is probably a methionine- 
liberating enzyme which may not be proteolytic 
by the usual tests. The identification of the 
most satisfactory enzyme systems effective when 
given by mouth for the liberation of methionine 
from dietary protein may have considerable clin- 
ical interest. Dr. Macpherson, in confirmation 
of previous work, has repeatedly isolated chymo- 
trypsinogen and trypsin from anti-fatty liver 
fractions prepared according to Entenman’s 
methods. 

Dr. Rosemary Hawkins and Miss M. Nishi- 
kawara (37) have found a definite elevation in the 
pseudocholinesterase content of plasma in anj- 
mals on hypolipotropic diets. Choline, methio- 
nine, betaine or triethylcholine prevent this 
change. 

Dr. Edward Sellers and Dr. Rosemary You 
are investigating further the dramatic ‘pseudo- 
lipotropic’ effect of a cold environment which 
they have already described (38). An hypolipo- 
tropic diet which produces intensely fatty livers 
in a warm environment fails to do so in the cold. 
Under the latter condition the animals consume 
twice as much of the deficient diet. In animals 
exposed to the usual laboratory te:aperature, 
this increased caloric intake of the diet would 
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have greatly increased fat deposition in the 
liver. 
THE ROAD AHEAD f 

There is good reason to be moderately well 
satisfied with the progress in this field. In more 
extensive reviews we have given appropriate 
credit to the many laboratories which have made 
important contributions, and references to some 
of these will be found in this bibliography. 

It would appear that there are no serious 
problems associated with the chemistry of the 
lipotropic agents themselves. Their chemical in- 
terrelationship so beautifully elucidated by du 
Vigneaud and later by Stetten and others must 
be extended and it is obvious that the communi- 
cations presented here this week by Welch and 
Sakami (39, 40), by Stekol, Bennett and their 
collaborators (41), by Stokstad, Jukes and their 
group (42), by Dubnoff (43), by Salmon and his 
colleagues (44, 45) and by many others will 
write a new chapter on methionine and choline 
formation within the body. We already know a 
little about choline oxidase and its action in 
making labile the methyl groups of choline and 
about the transmethylase which in some way 
makes available the methyl groups of methionine 
for choline synthesis. But this new work illu- 
minates additional sources of methyl groups (from 
dietary glycine and serine and from methanol and 
acetone, probably via formate); it reveals dra- 
matic roles of vitamin By, folic acid and closely 
related factors in methionine and choline forma- 
tion. 

We know almost nothing as yet about the 
enzymes which are probably involved in the in- 
timate lipotropic action of choline. Choline be- 
comes incorporated in the phospholipid molecules 
of the liver, but it is not known whether or not 
this is an integral part of the lipotropic process. 
My colleague, Dr. Erich Baer (46), has ac- 
complished the synthesis of optically active leci- 
thins identical in physical, chemical and immuno- 
logical behavior with the natural substances, thus 
supplying us with pure substrates essential for 
fundamental investigations in this aspect of lipo- 
tropism as well as in several other branches of 
physiological chemistry. 

For a time it was thought that the increased 
specific activity of P® as a part of the phospho- 
lipid molecule of the liver, when choline was 
given, provided a lead towards the understanding 
of lipotropic action (47). We now know that sub- 
stances without this effect, such as ethanol- 
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amine, also stimulate the turnover of phospho- 
lipid phosphorus (48). This latter finding must 
not, however, discourage continued exploration 
of this phenomenon. 

My interest, over the years, in insulin has 
accustomed me to intervals during which I 
thought its action had been, in large part, ex- 
plained—and to the subsequent periods of doubt. 
The positive findings, however, while never com- 
plete constituted a real advance. The understand- 
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ing of the mechanism of lipotropic action is 
following the same fluctuating upward line. 

As one whose years follow those of the century 
rather closely, I may be permitted to express 
the pleasure we should all have in the accom- 
plishments in medical research in the first half. 
We hope and expect that those whose most 
vigorous and productive years in research lie 
in the second half will explain many ‘intimate 
actions’ which we have left unsolved. 
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1B 1s the purpose of this paper to review briefly 
some of the recent advances in the field of chem- 
ical genetics. To geneticists genes are units of 
inheritance, defined in terms of their transmission 
from one sexual generation of an organism to the 
next. To physiologists and biochemists they are 
coming to be known as units of function that 
control the component chemical reactions of 
living systems. 


MUTABILITY 


An important characteristic of all genes is 
their mutability; that is, their ability to continue 
multiplying their kind in one or more altered 
forms. It is this property of genes that is re- 
sponsible for the evolutionary flexibility of living 
systems—their ability to modify their heredity 
in response to selection, either natural or im- 
posed by man. Gene mutation may be spontane- 
ous or induced. If spontaneous, it may be rare 
as in the case of dominant gene responsible for 
the so-called porcupine man (1) which has been 
known to mutate only once in two centuries, 
or it may be frequent as in the case of certain 
‘mutable’ genes (2). For a quarter of a century 
it has been known that high energy radiations 
increase gene mutation. During the war it was 
found by Auerbach ef al. (3) that mustard gas 
induces mutations in the fruit fly Drosophila. 
Since then this important discovery has been 
extended to other organisms. Also it has been 
shown that certain organic peroxides possess 
mutagenic activity (4, 5). Demeree (6) has pre- 
sented evidence that a number of carcinogens 
possess mutagenic activity for Drosophila. Be- 
cause of its general importance and its implica- 
tions with regard to cancer, confirmation of this 
finding is of particular urgency. 

In general, it is not possible to direct gene 
mutations, that is, produce at will specific changes 
in particular genes. Type transformations in 
Pneumococcus strains with specific nucleic acids 
may be an exception to this generalization and 


may well prove to be the most important single 
advance in genetics of the present century. Im- 
portant advances in our knowledge of trans- 
forming principles in Pneumococcus have re- 
cently been reported by Taylor (7). She has 
shown certain strains of this organism to possess 
two sequentially acting transforming principles 
which appear to alter two independent units of 
inheritance. It is also known that a strain of this 
bacterium may possess one of the other of two 
particular transforming principles but not both 
simultaneously. Presumably these direct the mu- 
tation of a gene to one or the other of two alter- 
native states (alleles). 


GENE ACTION 


In the development and functioning of living 
systems, genes appear to direct the production 
of specific proteins (8). A particularly important 
addition to the list of known examples of gene- 
protein relations is afforded by the inherited red- 
blood cell defect in man known as sickle cell 
anemia. In the presence of one or two defective 
forms of a particular gene, the red blood cells 
of affected individuals are subject to physical 
contortion at low oxygen tensions. Pauling and 
his collaborators (9) have shown that the hemo- 
globin of individuals with sickle cell anemia has 
a characteristically altered electrophoretic mo- 
bility. These workers have also shown that in 
the mild form of the disease known as sickle 
cell trait there are simultaneously present two 
types of hemoglobin, normal and altered. To- 
gether with Neel’s studies of the mode of in- 
heritance of sickle cell anemia and trait (10) 
these findings suggest that normal hemoglobin 
is dependent on the presence of a normal form of 
a particular gene and that in the mutant form this 
gene leads to the production of altered hemo- 
globin molecules. Persons with severe sickling 
(anemia) apparently have in each cell two mutant 
forms of the gene while those with mild sickling 
(trait with two forms of hemoglobin) have in each 
cell one normal and one mutant form of the gene 
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concerned. Normal individuals possess only nor- 
mal forms of this gene. Detailed studies of the 
two types of hemoglobin suggest that the dif- 
ference in mobility lies not in a chemical differ- 
ence in the heme or globin moieties but rather in 
the physical configurations of the hemoglobin 
molecules in the two cases (11). There appears 
here to be a direct relation between gene and 
hemoglobin structure. 

There are many known examples of apparently 
simple relations between genes and specific chem- 
ical reactions (8). These are often interpreted in 
terms of a gene-enzyme relation in which the 
enzyme protein somehow owes its specificity to 
a specific gene. A number of additional relations 
of this type have been reported recently. For 
example, in the bread mold Neurospora it ap- 
pears that tryptophane is normally converted into 
nicotinic acid through a series of gene controlled 
chemical reactions (12). Tryptophane appears 
to go to kynurenin, hydroxykynurenin, 3-hy- 
droxyanthranilic acid and nicotinic acid in the 
sequence given. The evidence for this rests on the 
activity of the named intermediates as growth 
factors for mutant strains of Neurospora (12), on 
the accumulation of these intermediates in Neuro- 
spora strains in which further conversion is 
genetically blocked (12-14), and on isotope tracer 


_experiments (15). 


The enzymatically catalyzed reaction which 
indole and serine condense to form tryptophane 
(16, 17) has been investigated by Gordon and 
Mitchell (18) in normal and mutant strains of 
Neurospora. A mutant unable to carry out this 
reaction appears not to be deficient in the enzyme 
concerned but instead to possess a form of enzyme 
so altered that under the conditions of the living 
mold mycelium it is inactive. If by dialysis cer- 
tain materials are separated from the mutant 
form of the enzyme, it becomes partially active. 
Somewhat similar relations have been reported 
by Wagner (19) for a mutant strain of Neuro- 
spora unable to make pantothenic acid from 
pantoyl-lactone and 6-alanine. Cases of this type, 
in which in the presence of a mutant gene an 
enzyme is not entirely absent but merely altered 
in such a way that under the conditions found 
in the living organism it is inactive, may be of 
more frequent occurrence than is now apparent. 

An interesting and important example of a 
series of gene controlled reactions in Neurospora 
in which the interrelations are involved and at 
first sight misleading is found in the work of 
Emerson and Zalokar (20) on a sulfonamide- 
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requiring mutant strain. Normal wild type Neuro- 
spora strains are inhibited by sulfonamides. 
Through mutation in a single gene, a strain has 
arisen which under certain conditions requires a 
sulfonamide for growth. It appears that this 
strain makes a normal amount of the vitamin 
p-aminobenzoic acid but has become altered in 
such a way that this amount of p-aminobenzoic 
acid inhibits its growth. This seems to result from 
an abnormal reaction, catalyzed by p-amino- 
benzoic acid which uses homocysteine as a sub- 
strate and somehow leads to a threonine defi- 
ciency. This abnormal reaction requires more 
p-aminobenzoic acid than the normal p-amino- 
benzoic acid-catalyzed reaction leading to the 
methylation of homocysteine. Also this abnormal 
reaction is inhibited by less sulfonamide than is 
the essential reaction (or reactions). As a result 
the ‘sulfonamide-requiring’ mutant strain may be 
induced to grow in any of three ways, viz: 

1) By reducing thesupply of p-aminobenzoic acid 
to a level that permitsthe essential reaction to pro- 
ceed but does not permit the deleterious reaction 
to go ata significant rate. This lowering of p-ami- 
nobenzoic acid can be accomplished by genetically 
introducing a mutant gene that blocks p-amino- 
benzoic acid synthesis and then supplying the 
desired amount of this vitamin by way of the cul- 
ture medium. 

2) By supplying threonine in the culture me- 
dium. 

8) By differentially inhibiting the deleterious 
reaction with the right amount of sulfonamide. 

These interrelations found in the sulfonamide- 
requiring strain make it clear that gene-chemical 
reaction interrelations may be complex and that 
it is often difficult to be sure which of a number 
of reactions is the one under the primary control 
of a particular gene. 

Over a period of several years there has de- 
veloped as a working hypothesis the view that 
genes function through controlling the specific- 
ities of proteins and that in general for every 
specific protein there is in the system a cor- 
responding gene. While the detailed manner in 
which genes bring about this regulation of pro- 
tein specificity is not at all understood, it is 
believed by a number of persons that the processes 
of gene duplication and of gene-controlled protein 
synthesis are basically alike. Genes themselves 
appear to be nucleoproteins. When they multiply, 
protein synthesis must somehow be involved. 
In whatever way this occurs, it is a reasonable 
supposition that the terminal steps of non-genic 
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protein synthesis may be gene-directed in the 
same way. 

The concept that for each gene there is one 
primary function, the so-called one-to-one hy- 
pothesis, receives support from the fact that 
many single gene modifications can be inter- 
preted in terms of deviations from normal in 
single chemical reactions. Unfortunately in such 
cases there is no simple way of positively identi- 
fying a particular chemical reaction with the 
specific gene in primary control. In the cases of 
protein alterations such as found in sickle cell 
anemia it seems likely that primary gene products 
are being dealt with, but there is no conclusive 
proof of this. 

It has been objected that the one-gene-one- 
chemical-reaction relations so often found in 
Neurospora may well represent a selected sample, 
that strains carrying mutant forms of multiple 
function genes will tend to be eliminated because 
of a high probability that one or more of the 
functions of such genes will be irreparable. Horo- 
witz (21) has recently considered this question, 
using data on so-called temperature mutants. 
These are mutant strains defective in synthetic 
ability over one part of the temperature range 
of Neurospora but normal over another part of it. 
About half of those known are reparable and 
half irreparable so far as tests for reparability 
have been carried. If it is assumed that there is 
a random distribution of reparable and irrepar- 
able functions for single and multifunctional 
genes, and that temperature mutants are equally 
likely for both types of functions, these data 
would indicate that approximately half of all 
gene functions are reparable. Using this propor- 
tion to correct data on Neurospora biochemical 
mutants for loss of irreparable types (one half 
for one-function genes, three fourths for 2-func- 
tion genes, etc.) Horowitz concludes that at 
least 73 per cent of the genes of Neurospora 
have only one function. There are no known 
clear cases of 2-function genes where both func- 
tions are reparable. The data are admittedly 
inadequate, but they are the best we have at the 
moment. 

Other things being equal, natural selection will 
be expected to favor organisms with maximum 
evolutionary flexibility. On this basis it follows 
that if single function genes are possible for all 
functions, organisms with genes of this type would 
have evolved. Whatever may be the final fate 
of the one-gene-one-function concept, it has 
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abundantly proved its usefulness as a working 
hypothesis. 


SOME EVOLUTIONARY CONSIDERATIONS 


It has often been pointed out that most gene 
mutations are of a loss nature and as such cannot 
account for the evolution of new abilities. In- 
stances in which new synthetic abilities are ac- 
quired through mutation are therefore of par- 
ticular interest. Recently Houlahan and Mitchell 
(22) have reported a case in which a mutant 
strain of Neurospora unable to synthesize the 
pyrimidine uracil regained the ability to make this 
compound, not by reversing the original loss 
mutation but by having a genetically distinct 
gene mutate in such a way as to restore uracil 
synthesis. This ‘suppressor’ gene may be an in- 
stance of a gene not previously concerned with 
a given biosynthetic step taking over the func- 
tion of the original gene, although it should be 
emphasized that alternative interpretations are 
also possible. If so it would constitute a model 
case of the acquirement of a new and positive 
ability so far as the suppressor gene is concerned. 
Presumably such new functions could be ac- 
quired by genes temporarily duplicated in the 
genetic system of an organism. Apparently such 
duplicate genes are not infrequent as shown by 
studies in organisms favorable for their detection 
(28). 

Another model case of interest in connection 
with loss of synthetic ability is one involving a 
defect in adenine synthesis, which was reported 
also by Mitchell (Houlahan) and Mitchell (24). 
In the presence of a particular gene defect in 
Neurospora adenine synthesis fails. Presumably 
through polymerization of an accumulated aden- 
ine precursor the mutant strain carrying this 
gene defect forms a large amount of a purple 
pigment which forms numerous large granules in 
older hyphae. Such purple strains have been 
observed to spontaneously lose the ability to 
make purple pigment. In the three instances in 
which such modified strains were investigated 
it was found that they were still unable to make 
adenine but failed to make the purple pigment 
because of the occurrence of a secorid mutation 
blocking a reaction in adenine synthesis prior 
to pigment formation. The double mutants were 
observed to outgrow the single purple mutant, 
possibly because of a harmful effect of the pig- 
ment. In this case then we see a clear example of 
where once one step in a chain of synthesis is 
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lost, it becomes actually advantageous to the 
organism to lose a second step. 

An interesting hypothesis as to how biosyn- 
thetic systems might have evolved has been 
developed by Horowitz (25). This assumes that 
the initial living systems were such that their 
component building blocks were derived from 
the medium in which they reproduced and that 
these building blocks were spontaneously syn- 
thesized by chance chemical reactions. Through 
gene mutation leading to new heterocatalytic 
properties of genes, aggregation into systems con- 
taining several genes, and natural selection, or- 
ganisms evolved the ability to synthesize their 
component parts by adding synthetic steps one 
at a time from the desired end products back 
toward simpler compounds. Such a view makes 
the evolution of long chains of synthetic reactions 
leading to an end product useful to the organism 
simple to understand in principle. 


CYTOPLASMIC INHERITANCE 


Since the rediscovery of Mendel’s classical 
paper in 1900, geneticists have searched dili- 
gently for extra nuclear units of inheritance com- 
parable to genes. With few exceptions these have 


not been found. In higher plants plastids show a 
limited degree of autonomy. They are however 
known to be dependent in their development 
and functioning on nuclear genes. There are also 
known a number of other instances of so-called 
cytoplasmic inheritance, for example, male steril- 
ity (26), the kappa substance in Paramecia (27), 
sensitivity to carbon dioxide in the fruit fly 
Drosophila melanogaster (28), the ‘petit colony” 
character in yeast (29) and a number of others. 
In some instances such as the kappa substance 
in Paramecium and the carbon dioxide sensitiv- 
ity in Drosophila the cytoplasmically transmitted 
entities have certain characteristics of intra- 
cellular symbionts. In Paramecium, for example, 
kappa units have been shown by Preer (30) to 
be visible under the ordinary light microscope. 
It seems more likely that units this large are 
remnants of an originally separate living system 
that has gone through a symbiotic stage rather 
than that they are endogenous cytoplasmic units 
of the Paramecium analogous to nuclear genes. 
Ephrussi’s petit colony character in yeast in 
which cytochrome oxidase and succinic dehydro- 
genase are absent seems to be clearly cytoplasmic 
in its inheritance and appears to be a case in 
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which nuclear genes cannot re-establish enzyme 
systems once certain cytoplasmic components 
of the cell are destroyed. Spiegelman, Lindegren 
and Lindegren have reported what was thought 
to be an instance of continued duplication of the 
enzyme melibiase in yeast after replacement of 
the nuclear gene responsible for initiating it. It 
has since been found that the original observa- 
tions could not be repeated (31). 

Without discussing these or other cases of so- 
called cytoplasmic inheritance in further detail, 
it seems fair to summarize our present position 
by saying that there is little or no convincing 
evidence of the existence of cytoplasmic gene-like 
units comparable in functidn and evolutionary 
significance to nuclear genes. 

All this is not to say that cytoplasmic elements 
are unimportant or that they do not have powers 
of self-multiplication in cells containing a suitable 
genic environment. On the contrary there is 
much evidence from descriptive and experimental 
embryology which points to such cytoplasmic 
entities as being responsible for the ordered 
changes that go on in the organism as it under- 
goes differentiation of parts and specialization 
of function without apparent change in constitu- 
tion of nuclear genes. The little understood proc- 
esses that make up such differentiation almost 
certainly involve directed assortment or modifi- 
cation of self-perpetuating cytoplasmic units (32, 
33). 


Universality of Genes in Living Systems 


Defined as units of inheritance only, genes de- 
pend in their experimental demonstration upon 
sexual reproduction. Hence, until recently the 
question of whether bacteria and viruses—which 
were thought to reproduce only asexually—con- 
tain genes as essential components could not be 
answered. With the increasingly sound basis for 
defining genes in terms of their function in direct- 
ing protein specificities it has become more and 
more evident that these systems must contain 
genes. Within the past few years Lederberg and 
Tatum have shown that certain bacteria do have 
a kind of sexual reproduction. Making use of 
suitable mutant strains of these bacteria it is 
now possible through genetic recombination to 
say with a reasonable degree of certainty that 
bacteria contain units like genes of higher or- 
ganisms in both their inheritance and in their 
function (34). 
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In certain bacterial viruses, too, recent work 
of Hershey, Luria, and others (35) has made it 
clear that there are present gene-like units. These 
are demonstrable both in terms of their mutabil- 
ity and through their recombination during multi- 
plication inside the host cell. If for example two 
virus units, both originally derived by mutation 
from a single strain, infect a single bacterial host 
cell simultaneously, there may appear in the re- 
leased progeny not only the two parental mutant 
types but also two recombination types, one 
calrying neither mutant, the other carrying both 
mutant characteristics. 

Luria and his associates (35) have shown that 
ultraviolet inactivated bacterial viruses which 
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presumably carry defective gene-like units can 
be reactivated by infecting single bacterial cells 
with two or more virus particles which together 
carry a complete couplement of undamaged ele- 
mentary units. It has even been possible to make 
a rough estimate of the number of these units 
that must be assumed. 


CONCLUSION 


It is reasonable to conclude on the basis of 
present-day evidence that genes represent the 
basic units of self-duplication and of mutation 
of all living systems from viruses to man and that 
they are the irreducible molecular patterns of 
inheritance, evolution, and inheritance in all 
such systems. 
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BIOSYNTHESIS OF NUCLEIC ACIDS IN THE MAMMAL! 


GrorcEe BoswortH Brown? 
From the Sloan-Kettering Institute for Cancer Research 


NEW YORK CITY 


Tax: CURRENT REVIVAL of interest in nucleic 
acids owes more to cytochemical and biological 
developments of the previous decade than to 
biochemical advances. The association of nucleic 
acid with the chromosome, the changes in nu- 
cleic acid content of rapidly growing cells and 
the fact that the viruses and bacteriophages have 
invariably proven to be nucleoprotein in nature 
have all pointed to some vital role of nucleo- 
proteins in growth processes. Of perhaps even 
greater significance are those agents (1, 2) which 
have the property of bringing about an inherita- 
ble alteration of living bacteria; these agents, the 
‘transforming factors,’ are evidencing a: property 
usually associated only with genes or chromo- 
somes, and at least one of these agents has been 
shown to be essentially pure nucleic acid. 

The very name ‘nucleic acid’ is derived from 
the fact that the first representatives of this 
group of compounds were obtained from cell 
nuclei (3). This name is by now somewhat un- 
fortunate, since the designation nucleoprotein no 
longer implies the locus of the compounds in the 
nucleus. Today, we recognize two main types of 
nucleic acids which are generally differentiated 
by the type of carbohydrate present, pentose or 
desoxypentose. The two purines, adenine and 
guanine, and one of the pyrimidines, cytosine, 
are found in each type of nucleic acid, while the 
pyrimidine uracil has been found only in pentose 
nucleic acids and thymine is characteristic of 
desoxypentose nucleic acids. 
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As yet, no nucleic acid structure has been 
properly established; in fact, we are still unable 
to obtain homogeneous preparations known to 
represent one molecular species. Each purine or 
pyrimidine is found as a phosphoriboside, or 
nucleotide, and the structural features of the 
ribose nucelotides have now been fully authen- 
ticated by the synthetic approaches of Todd and 
his co-workers (4). These various nucleotides are 
united in the large molecular weight polynu- 
cleotides, or nucleic acids. The nature of the 
internucleotide linkage is, however, an enigma 
today. Currently, wide variations are being 
found in the purine and pyrimidine ratios in 
different polynucleotides (5, 6), and these have 
resulted in discard of the classical tetranucleotide 
hypothesis of Levene (7). 

Both types of nucleic acids occur in all cells, 
whether plant, animal or bacterial. The desoxy- 
pentose type of nucleic acid, or DNA, is to be 
found only in association with the chromosomal 
material of the nucleus. Small amounts of pentose 
nucleic acid, or PNA, are also present in the cell 
nucleus, in the nucleoli, and in the ‘residual 
chromosomes’ as prepared by Mirsky (8). The 
nucleic acid in the cytoplasm is solely of the pen- 
tose type and it is nearly all associated with 
particulate matter (9-11). The pentose nucleic 
acids vary in composition from tissue to tissue. 
However, in the case of desoxypentose nucleic 
acid, it is becoming apparent that the composi- 
tion may be characteristic for a species (12), and 
that the amount per diploid nucleus is strikingly 
constant for all tissues within a species (13-16), 
but varies from species to species. 

Our group has been studying the metabolism 
of those compounds which the mammal utilizes 
for the in vivo elaboration of the tissue polynu- 
cleotides, and we have been concentrating on the 
larger molecules, the ones which may be the more 
immediate precursors. Even though the mamma- 
lian organism is able to synthesize its own purines 
and pyrimidines, and is independent of any die- 
tary supply of those moieties which make up the 
nucleic acids, it is possible to administer speci- 
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mens suitably identified by a distinguishing iso- 
tope and to determine whether those samples are 
incorporated into the tissue nucleic acids. 

Of the purines which occur in the nucleic acids, 
we have found that adenine, when furnished in 
the diet of a rat, can be incorporated into the 
polynucleotides (17). It is not only incorporated 
as polynucleotide adenine; it is also partially 
transformed into polynucleotide guanine (fig. 1). 
In the synthesis of the isotopically labeled ade- 
nine, an excess of the heavy isotope of nitrogen, 
or N‘5, was incoporated into the 1- and 3-positions 
of the pyrimidine ring. It was subsegently found 
that the guanine derived in vivo from this adenine 
also had the isotope in the 1- and 3-positions. 
Thus, it is implied that the purine skeleton is re- 
tained during this transformation of adenine into 
guanine. 

The feeding of isotopically labeled guanine to 
the rat was first studied by Plentl and Schoen- 
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heimer (18) who found that it was not incorpo- 
rated into the tissue nucleic acids of the rat to 
any significant extent. In our laboratory, this 
has been confirmed for Sherman-strain white 
rats which we have used for most of our work. 
In addition, we have injected guanine intra- 
peritoneally and have also fed it to partially 
hepatectomized rats and studied the PNA and 
DNA individually. In no case was there a de- 
tectable utilization of the guanine. 

We recently have had occasion, however, to 
study the fate of isotopic guanine in another 
species. This was in mice of the C57 black strain 
and here it was found that guanine was incor- 
porated into the polynucleotide guanine to a 
definite but very small extent (19). The result 
with dietary guanine was similar to that found 
for intraperitoneally administered material. This 
marked difference in the purine metabolism of 
the two mammalian species, the rat and the 
mouse, must make us even more alert for other 
such possibilities. 

We have studied the incorporation of dietary 
adenine into the nucleic acids of various organs 
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of the rat (fig. 2). The relative renewal in different 
organs varies markedly (20), it being much greater 
in the liver than in the other organs studied. 
From the values given for the liver and the in- 
testine, and this has been true in several other 
experiments, the amount of the isotope incor- 
porated into polynucleotide adenine is approxi- 
mately twice that into the polynucleotide guanine 
when adenine is serving as the precursor for both. 
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Most of our experiments, including these, have 
represented an essentially complete extraction of 
the mixed nucleic acids from tissues. However, 
when the two types of nucleic acids are separated, 
it can be demonstrated in adult animals that the 
incorporation of adenine is almost solely into the 
purines of the pentose nucleic acids (20). 

In the case of the livers of adult rats, the rela- 
tive incorporation into the purines of the pentose 
nucleic acids and into the desoxypentose nucleic 
acids was in the ratio of 73 to 1 (fig. 3). These 
are adult rats, whose tissues are essentially non- 
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growing, with very few new cells or new nuclei 
being formed. The observed metabolic result 
could be due either to the fact that adenine does 
not serve as a precursor of the DNA purines, or 
to the fact that the DNA purines are not in a 
rapid dynamic equilibrium. 

Satisfactory proof that adenine may serve as 
a precursor of desoxypentose nucleic acid 
purines, and that the relative renewals in the 
first experiment do have a significance, is fur- 
nished by an experiment in which adenine was 
fed to partially hepatectomized rats. In the 
rapidly regenerating livers, it is certain that ex- 
tensive mitosis and production of new nuclei and 
of new DNA is occurring. In a 5-day period, the 
incorporation into the DNA purines of the rapidly 
growing liver is about 75 per cent of that into 
the PNA purines. 

In yet a third experiment in this series, hepa- 
tectomized rats were fed isotopic adenine for 5 
days to bring the isotope content to approxi- 
mately the values in the second experiment. 
They were then allowed normal food, with no 
isotopically labeled supplement for an additional 
3 weeks. At the end of that time, the DNA 
purines still retained a very high isotope content, 
while the continuing metabolism of the PNA 
purines had resulted in extensive replacement 
by non-isotopic purines elaborated in vivo. This 
again confirms the fact that there is an insignifi- 
cant renewal of the desoxypentose nucleic acid 
purines in the non-growing tissue. 

These relative renewals of the two nucleic 
acids, when adenine is serving as a precursor, 
parallel, but considerably exceed, the differences 
shown in the several studies in which isotopic 
phosphate (21) or N'-glycine (22) have been 
studied as precursors. The divergence between 
results with phosphate and adenine might be 
attributable to experimental limitations due to 
non-nucleic acid phosphorus (23), but those be- 
tween adenine and glycine remain obscure at the 
moment. 

From the results with adenine it is conceivable 
that all of the adenine incorporated into the 
DNA purines was introduced in the process of 
the formation of new nuclei, and that, once 
formed, the carbon-nitrogen skeleton of the DNA 
is not in dynamic equilibrium with other con- 
stituents of the cell. The implications of the fact 
that desoxypentose nucleic acids are an excep- 
tion to the general concept of a rapid dynamic 
equilibrium of tissue constituents are not ob- 
vious. Perhaps it is the demonstrated biochemi- 
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cal stability of DNA which helps to furnish the 
physical (24) permanence desirable in the gene. 
It would be interesting to know whether one of 
the proteins associated with the chromosomes 
also possesses such a biochemical permanence. 

In current experiments (25) with adenine-8-C" 
(26) the two adenylic acids, a and 6, of Carter 
and Cohn (27) are being isolated from the PNA 
by ion exchange chromatography (28, 29)’. The 
small differences now being observed between 
their renewals are of doubtful significance. 

Consideration has also been given to purines 
other than adenine and guanine which are nor- 
mally associated with purine metabolism. These 
have all been synthesized with isotopic nitrogen 
and studied (30). With all of the oxypurines, hy- 
poxanthine, xanthine or uric acid, the only ob- 
served fate in the rat was extensive conversion 
to urinary allantoin. In the case of hypoxanthine 
there is considerable evidence in the literature 
from studies with microGrganisms, from the pig- 
eon and from certain enzymes, which lends favor 
to the consideration of hypoxanthine serving as 
a precursor of adenine. However, in the rat, this 
does not prove to be the case (31). 

At present no satisfactory correlation is possi- 
ble between the known enzymes and the behavior 
of purines in the intact animal. The one charac- 
terized enzyme which is known to handle the 
riboside linkage in nucleosides is the ribonucleo- 
phosphorylase which has been so admirably de- 
scribed by Kalckar (32). In in vitro studies, it has 
been demonstrated that this equilibrium may be 
far toward the synthetic side. This enzyme is 
effective only with hypoxanthine or guanine and 
their nucleosides, the purines which are not uti- 
lized by the rat (although guanine can be utilized 
by the mouse). The enzyme does not affect 
adenine, the purine which is extensively incor- 
porated into ribosidic linkages by the intact ani- 
mal. Wajzer (33, 34) has reported a concomitant 
secondary reaction which results in some syn- 
thesis of nucleotides from either adenosine or 
inosine; in addition, he reports that nucleotides 
can arise from ribose-3-phosphate (prepared from 
yeast adenylic acid) and adenine, guanine or 
hypoxanthine, but not from xanthine. 

In an attempt to discover something about 
the mechanism of conversion of adenine into 
nucleic acid guanine, the two purines, 2-oxy- 
adenine (isoguanine) and 2, 6-diaminopurine have 


3 We wish to thank these authors for information 
on unpublished experimental details. 
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been studied (fig. 4). Isoguanine was not in- 
corporated into the tissue nucleic acids of the 
rat but something of its metabolic fate is men- 
tioned below. 

The other postulated intermediate, 2,6- 
diaminopurine, has not been reported from nat- 
ural sources, but it was utilized by the rat for 
the synthesis of guanine. Isotopes of either nitro- 
gen or carbon have been incorporated into 
diaminopurine (35) by a Traube type of syn- 
thesis from guanidine. The isotopic nitrogen was 
not only in the 1- and 3-nitrogens of the py- 
rimidine ring, but it was also in the substituent 
2-amino group. The biological results with the 
N's sample showed that the conversion of 2,6- 
diaminopurine into polynucleotide guanine took 
place to very nearly the same extent as was 
found with an equivalent amount of dietary 
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Fig. 4. ADENINE, ISOGUANINE, 2,6-diamino- 
purine and guanine. 


‘adenine. Diaminopurine was also catabolized to 
urinary allantoin and the 2-amino group con- 
tributed some N* to body pool ammonia. Since 
isotopic nitrogen could reach adenine by total 
synthesis from this ammonia, it was impossible 
to decide whether or not a small amount of direct 
conversion of diaminopurine into adenine had 
taken place. The sample with the C™ label per- 
mitted a much more conclusive demonstration 
that diaminopurine was acting solely as a pre- 
cursor of guanine. An experiment with partially 
hepatectomized animals demonstrated that di- 
aminopurine can lead to the guanine of either 
pentose or desoxypentose nucleic acids. 

It must be emphasized that this transforma- 
tion cannot proceed via free guanine since guanine 
itself is not utilized by these rats. Transformation 
of diaminopurine into polynucleotide guanine in- 
volves two major alterations: attachment of the 
pentose in the 9-position and replacement of the 
6-amino group by oxygen. 
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We cannot be certain whether or not 2,6-di- 
aminopurine is a normal intermediate in the con- 
version of adenine into guanine. Reichard (36) 
has shown that, in certain instances, the ring 
nitrogens of guanine may derive more N* from 
glycine than do those of adenine; hence it is ob- 
vious that a second anabolic pathway may give 
rise to guanine. It is not impossible that diamino- 
purine lies on such a pathway. 

It is of interest that adenine and diamino- 
purine are the most toxic of the purines and that 
their pharmacological effects are profound but 
differ markedly. Hitchings and co-workers (37, 
38), first showed that diaminopurine could re- 
versibly inhibit the utilization of adenine by folic 
acid deficient L. casei. Several laboratories have 
pointed up various other potent pharmacological 
effects which 2,6-diaminopurine can exhibit. It 
can inhibit the estrogen-induced growth of the 
oviduct of the chick (39) and the muitiplication 
of vaccinia virus in vitro (40); its administration 
to rats, dogs and man leads to profound changes, 
including severe denudation of the intestinal 
mucosa and an acute depletion of the hemato- 
poietic elements in bone marrow (41). It has also 
shown specific effects on the growth of neoplastic 
tissues in tissue culture (42), and it prolongs the 
life of mice with certain transplanted leukemias 
(43). Certain of these toxic or inhibitory effects 
of diaminopurine have been reversed by the ad- 
ministration of adenine (38-40), but it has been 
impractical to attempt to reverse the toxic effect 
in mammals because of the complicating toxicity 
of large amounts of adenine. 

The toxicity to mammals of large doses of 
adenine has long been known. Deposition of ex- 
tensive crystalline masses in the kidney after 
administration of large doses of adenine was ob- 
served by Minkowski in 1898 (44), and these 
eventually proved to be 2,8-dioxyadenine (45). 
We have studied the administration of large 
doses of adenine and have confirmed the ob- 
servations of the early workers. Kidneys from 
rats which have received large doses of adenine 
are enlarged, and study of sections shows that 
crystals of 2,8-dioxyadenine were deposited ini- 
tially in the distal tubules and in extreme cases 
in both Henle’s loops and proximal tubules. When 
isotopic adenine was administered to rats in 
large amounts, 500 mg/kg., it was shown (46) 
that the 2,8-dioxyadenine found in the kidneys 
was derived from the adenine with but a very 
slight dilution of the isotopic nitrogen. 

The possible intermediates (fig. 5) in this con- 
version of adenine into 2,8-dioxyadenine were 
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studied. Administration of labeled 2-oxyadenine, 
or isoguanine, in large quantity, leads to ex- 
tensive deposition of the crystals in the kidney, 
also with little dilution of the isotope. However 
8-oxyadenine also leads to 2,8-dioxyadenine, so 
that we cannot now make a choice as to which 
oxidation may occur first in the normal course 
of metabolism. 

Drs. Philips and Thiersch of our Pharmacology 
section and Dr. Bendich of the Protein section 
have made detailed pharmacological studies (47) 
of this adenine intoxication as well as parallel 
studies of isoguanine intoxication. The deposition 
of the extremely insoluble 2,8-dioxyadenine 
causes obstruction in renal tubules which, if 
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Fig. 5. ADENINE, ISOGUANINE, 8-oxyadenine 
and 2,8-dioxyadenine. 
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Fig. 6. Merazouic fates of Adenine. 


sufficiently severe, may cause uremia and second- 
ary changes in other organs, principally a de- 
pletion in the nucleated erythroid elements in 
the bone marrow which resembles that occurring 
in anemias of advanced renal diseases in man. 
The same picture is shown by rats with kidney 
damage due to 2-oxyadenine, 8-oxyadenine, in- 
organic mercuric chloride or even by nephrec- 
tomized animals. 

Figure 6 outlines the various metabolic fates 
which adenine may undergo. So far as we are able 
to say at present, effects of large doses of adenine 
are due only to the last pathway, that of the 
deposition of crystals of 2,8-dioxyadenine, par- 
ticularly since we know that intermediates on 
that pathway will produce an identical pharmaco- 
logical picture. Levels of adenine or isoguanine 
which give rise to kidney damage must be above 
a threshold-like level and are from two to twenty 
times those at which we have administered ade- 
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nine in other metabolic experiments. It would 
thus appear that this toxicity of adenine can be 
dissociated from its metabolic roles as a pre- 
cursor of polynucleotide adenine, polynucleotide 
guanine, ATP, or allantoin. 

Of the pyrimidines found in nucleic acids, none 
are utilized by the adult rat when furnished in 
the diet. Schoenheimer and Plentl (18) initially 
demonstrated that uracil and thymine were not 
utilized, and we have recently shown the same 
to be true with cytosine (48). The group in 
Sweden with Hammarsten has shown (49) that 
4-carboxyuracil, or orotic acid, may serve as a 
precursor of the nucleic acid pyrimidines. This 
is the first concrete clue concerning the route by 
which the pyrimidines may be elaborated in vivo. 

In the usual diet of the mammal, there would 
be no more than traces of free purines or of free 
pyrimidines, but there may be considerable 
amounts of intact nucleic acids. We have there- 
fore investigated the metabolic fate of an intact 
nucleic acid and have found that the fates of 
purine and pyrimidine derivatives are quite differ- 
ent from those of the free bases. Yeast nucleic 
acid, a typical pentose nucleic acid, was pre- 
pared (50) from yeast grown in a medium 
containing isotopic ammonia, and all of the 
nitrogens were essentially equally labeled with 
isotopic nitrogen. 

We have studied (51) the fate of this intact 
pentose nucleic acid when given to rats in their 
diet. The mixture of mono-nucleotides obtained 
from it by partial hydrolysis was also admin- 
istered to other rats by intraperitoneal injection. 
These are difficult experiments to interpret in 
too much detail, since they involve simultaneous 
administration of derivatives of four compounds, 
each of which is labeled with the same isotope 
to the same extent. However (fig. 7), two definite 
conclusions are possible: first, that the yeast 
nucleic acid furnishes something quite effective 
as & pyrimidine precursor; and second, that its 
purines are utilized much less effectively than 
are equivalent amounts of free adenine. 

If the results in the second column, which are 
from the oral administration, are compared with 
those of the first column, which are data from a 
typical experiment with free adenine at only half 
that molar level, it is evident that the purines of 
the intact nucleic acid are but very poorly uti- 
lized by the rat for the formation of tissue nucleic 
acids. In the case of the intraperitoneally injected 
mixture of monc-nucleotides, shown in the third 
column, the utilization of the purines was con- 
siderable, but it was still less than that observed 
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with free adenine. This relative ineffectiveness of 
the orally administered nucleic acid in furnishing 
a precursor for tissue nucleic acid purines may 
be correlated with the presence in the intestine, 
and to a lesser extent in the tissues, of enzymes 
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Fig. 7. INCORPORATION OF NITROGEN of yeast 
nucleic acid into the tissue nucleic acids of the 
rat.‘ 


which effect the rather complete and rapid deg- 
radation of the purine nucleotides. 

The correlation of the observations on the 
effect of excessive quantities of adenine on the 
kidney and the fact that the animal prefers to 
catabolize the purines as it normally encounters 
them in the diet may be a reflection of the astute- 
ness of the overall design of the animal organ- 
ism. 

4The corresponding values for allantoin were 
5.5; 26.6; 28.3 per cent. 
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In either of the experiments with nucleic acid 
appreciable amounts of tissue nucleic acid pyrimi- 
dines were derived from the nitrogen of either 
fed nucleic acid or from the mononucleotides. 
This is in distinct contrast to the results when 
free pyrimidines are included in the diet. It 
implies that complete breakdown to free pyrimi- 
dines did not occur and that some larger moiety 
was utilized by the rat. At almost the same time, 
Hammarsten and his co-workers (52, 53) pre- 
pared the pyrimidine nucleosides, also via bio- 
synthesis in yeast. Their results with cytidine 
and uridine showed that cytidine was an effective 
precursor of both the cytosine and uracil of rat 
nucleic acid, whereas uridine was a relatively 
ineffective precursor of either. 

Briefly, we have a situation where certain free 
purines may be used for the biosynthesis of 
nucleic acids of the rat. In contrast the purine 
derivatives, as occurring in pentose nucleic acid, 
are more extensively catabolized and are but 
poorly utilized for nucleic acid production. The 
reverse is true of the pyrimidines. Cytosine and 
uracil are not utilized for nucleic acid synthesis, 
while their ribose derivatives are so utilized. 

A complicating factor in the pyrimidine picture 
has arisen on a reinvestigation of thymine. This 
pyrimidine is characteristic of desoxyribosenu- 
cleic acid which is but slowly renewed in non- 
growing tissue and it is not now surprising 
that the original investigators (18) found that 
it was not incorporated. We are now (54) finding 
that there is some small direct incorporation of 
thymine into the nucleic acids of regenerating 
liver. 
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Tine REACTIONS which comprise the process of 
photosynthesis appear to be at least as numerous 
and complex as those of any other biological 
process. The classification of these reactions has 
evolved from the experiments of many workers 
within the past three decades. For example, the 
work of Warburg and Christian with intermittent 
light and that of Hill on the photolysis of water 
by isolated chloroplasts in the absence of carbon 
dioxide gave strong support to the theory of 
separation of water photolysis from carbon re- 
duction. By employing the results of studies 
not only of photosynthesis in green plants but also 
of photosynthetic bacteria and other biological 
systems, van Niel had presented a strong argu- 
ment for the division of these reactions into two 
major classes. The first group of reactions involves 
the primary absorption of light energy and its 
conversion to chemical energy and the employ- 


1 April 19, 1950, Atlantic City, N. J. 
* The work described in this paper was spon- 
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ment of thisenergy to decompose water, forming 
oxygen and reducing power. The other group of 
reactions is comprised of those processes by which 
this reducing power converts carbon dioxide to 
the various organic compounds formed in photo- 
synthesis. 

Further confirmation of the proposal that car- 
bon dioxide reduction is accomplished entirely 
by dark reactions was obtained through preil- 
lumination studies conducted in this laboratory 
(1-4). Inthese experiments, green algae Chlorella 
and Scenedesmus were first illuminated in the 
absence of carbon dioxide and then allowed to 
fix CO, in the dark. When the cells were killed 
and analyzed, the C-labeled products were found 
to be the same as those formed when the algae 
were allowed to fix C“O, in the light for short 
periods and then killed immediately. Moreover, 
these experiments indicated that the reducing 
power had a half-life of several minutes in the 
dark. With the point of view engendered by these 
results, the efforts in this laboratory have been 
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directed toward the revelation of the mechanism 
of the utilization of this energy in carbon dioxide 
reduction. 

Normal photosynthesis is a steady state proc- 
ess. The rates of the individual reactions involved 
are highly dependent upon external factors 
such as light intensity, carbon dioxide pressure, 
temperature and nutrient conditions. An inter- 
mediate between carbon dioxide and _ protein, 
fat, and carbohydrate will exist in amounts de- 
pendent upon the relative rates of its formation 
and conversion. It is seen, then, that the amounts 
of isolable intermediates may vary considerably 
and that one might expect rather low concentra- 
tions of many important metabolites. 

Experiments with high specific activity C“O, 
have allowed a great number of observations on 
this hitherto almost impenetrable system of re- 
actions. The advantages of such a method lie 
first in its sensitivity; intermediates of concen- 
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trations of less than 10-*mM may be readily de- 
termined in a few milligrams of plant material. 
Secondly, addition of labeled carbon to a plant 
in steady state photosynthesis with CO» allows 
one to follow the path of carbon in the normal 
reduction of carbon dioxide. When labeled carbon 
dioxide (C™O,) is added to that being absorbed by 
the plant (figure 1) the reservoirs of the inter- 
mediate products are consecutively labeled with 
C. The specific radioactivity of each reservoir 
increases to a maximum (equal to that of the 
initial carbon dioxide) prior to that of any sub- 
sequent intermediate. Analysis of the products 
of photosynthesis in COQ. by two-dimensional 
paper chromatography has allowed separation 
of most of the low molecular weight products. 
When the plant is exposed to radiocarbon for 
shorter periods it is found that fewer polymeric 
products are formed. As the time is decreased, 
the amount of radioactivity incorporated into the 
fats, protein and carbohydrate approaches zero, 
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and only the intermediates of hexose and amino 
acid synthesis are detectable. Figure 2 shows the 
relative rate of appearance of radioactivity in 
intermediates soluble in aqueous alcohol. 

Exposure of various plants to C'-labeled car- 
bon dioxide under a variety of conditions, both 
in the light and in the dark, followed by killing 
the plants and analysis of the labeled compounds 
formed has led to the following experimental 
results and conclusions. 

Products of Short Photosynthesis. The length 
of exposure of an actively photosynthesizing 
plant to labeled carbon dioxide in the light was 
shortened until all the labeled carbon fixed by the 
plant was found in a few compounds (3, 5, 6). 





cl4 FIXED (relative units) 














1°) 2 4 6 8 
MINUTES 


Fig. 2. C“O. Frxarion By Scenedesmus. Total 
radioactivity fixed, O. Radioactivity fixed in 80% 
ethanol-insoluble products, @. Light intensity, 
500 foot-candles; 4% carbon dioxide in air; tem- 
perature, 20°C. The deviation of the total fixation 
curve from linearity near the origin is attributed 
to temporary adjustment to the changed carbon 
dioxide pressure (4%-4.7% CO:). 


These compounds were found to be phospho- 
glyceric acid, phosphopyruvie acid, malice acid 
and sometimes glyceric acid. For example, when 
the green alga Scenedesmus was allowed to photo- 
synthesize at 10,000 foot-candles for 5 seconds, 
analysis showed that 87 per cent of the activity 
was incorporated in phosphoglyceric acids, 10 
per cent in phosphopyruvic acid, and 3 per cent 
in malic acid. Radioactive products of 5-second 
and 90-second photosynthesis by Scenedesmus in 
CuO, are shown in the radiograms of figure 3. 
These are radioautographs of paper chromato- 
grams of the products extracted from 50 mg. of 
wet cells. 

Identification of Phosphoglyceric Acid. Acid hy- 
drolysis of phosphoglyceric acid which was iso- 
lated chromatographically produced glyceric acid. 
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The glyceric acid was identified by subjection to 
periodate oxidation. All of the radioactivity ini- 
tially present in the glyceric acid could be ac- 
counted for in the expected products of periodate 
oxidation, carbon dioxide, formic acid and for- 
maldehyde. Phosphoglyceric acid was identified 
independently by its isolation from Scenedesmus 
which had photosynthesized for 5 seconds in 
C¥O,. Over 65 per cent of the fixed activity was 
so isolated, and the product characterized as the 
barium salt by its solubility, specific rotation, 
phosphorus analysis, and ion exchange resin ad- 
sorption properties (6). Phosphoglyceric acid had 
previously been identified as a major constituent 
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pounds (fig. 4). Radioactivity accumulated more 
slowly in succinic, fumaric, citric and glutamic 
acids, glucose, fructose and a number of amino 
acids (threonine, phenylalanine, glutamine, as- 
paragine, tyrosine). It should be noted that ap- 
pearance of a labeled compound in the light and 
not in the dark indicates that that compound is a 
product but not necessarily an intermediate of 
photosynthesis. 

The identity of a number of these phosphate 
esters with those involved in glycolysis suggested 
that the synthesis of sucrose is accomplished 
through a reversal of glycolysis. When sucrose 
isolated from Chlorella which had photosynthe- 
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Fig. 3. RapIOGRAMS OF 5 AND 90 SECONDs steady state photosynthesis by Scenecesmus. The paper chro- 
matograms from which these radioautographs were prepared were developed horizontally in phenol and 
vertically in butanol-propionic acid-water solvent (6). 


of the products of 30-second photosynthesis by 
Scenedesmus by its adsorption properties on anion 
exchange resins (1). The phosphoglycerate so 
isolated was hydrolyzed to glyceric acid which 
was identified by physical properties, distribu- 
tion coefficient, acid strength, anion resin ad- 
sorption properties, and by conversion to the 
p-bromphenacy] ester (1, 4). 

Sequence of the Intermediates in Photosynthesis. 
As longer exposures to CO, in the light are per- 
mitted, 15 to 60 seconds, radioactivity is found 
not only in the above compounds but also in 
aspartic acid, alanine, serine, glycine, glycolic 
acid, and triose phosphates, hexose phosphates, 
hexose diphosphate, sucrose and several other as 
yet unidentified phosphorous-containing com- 





sized for 30 seconds in C“O, was hydrolyzed, the 
specific activity of the fructose was twice that of 
the glucose moiety. This result is that expected 
from a reversal of the glycolytic sequence. Fur- 
ther support for this suggested mechanism of 
sucrose synthesis is found in the identity of the 
distribution of C™ in the 3,4, the 2,5 and the 
1,6 carbons of hexose with that in the carboxyl, 
alpha, and beta carbons, respectively, of glyceric 
acid (table 1). 

The protein of the insoluble products formed 
during 60-second photosynthesis by Scenedesmus 
contains radioactive amino acids in approximately 
the same properties as those found in the soluble 
products. The proteins synthesized in longer 
times show that the proportion of amino acid 
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constituents differs greatly from that of the free 
amino acids. The insoluble products synthesized 
by barley in 5 minutes consist largely (>95%) 
of polyglucose compounds; those of Scenedesmus 
are about half polysaccharide and half protein, 
of which alanine and aspartic acid are the major 
constituents. 

Effect of Light Intensity on Early Products. 
As the light intensity is decreased the number of 
products formed in 30 seconds decreases until 


at 400 foot-candles the principal products are the’ 


3 carbon compounds as is seen in the radiograms 
(fig. 5). These are phosphoglyceric acid and 
phosphopyruvie acid. It has not yet been possi- 
ble to differentiate 2- and 3-phosphoglycerate 
with certainty on paper chromatograms. The 
collection of information available is consistent 
with the possibility that the major compound in 
the 400 foot-candle radiogram is 3-phosphogly- 
cerate, while that below and to the right of it is 
2-phosphoglycerate. Separate experiments per- 
formed at high light intensity (4000 foot-candles) 
and low temperature (2°C.) showed reversal of 
radioactivity accumulation in this pair of com- 
pounds, At low temperature one might expect 
the equilibrium between 2- and 3-phosphoglycer- 
ate to be slowly attained, hence the prior labeling 
in the 2-isomer. At higher temperature and low 
light intensity the greater amount of radioactiv- 
ity in the 3-isomer is attributed to its rapid for- 
mation from the less stable 2-isomer. 

The radioactivities determined by counting of 
radioactive areas of the chromatograms defined 
by the radiograms in figure 5 are given in table 2. 
When the light intensity is further decreased the 
predominant observable carboxylation reaction 
is that resulting in malic acid formation. The 
curves in figure 6 show the felative amounts of 
soluble and insoluble (polymeric) products formed 
by Scenedesmus at 50 foot-candles. The curves 
of figure 7 were determined by direct counting on 
paper chromatograms for a series of experiments. 
Malice acid and 3 carbon compounds, largely 
3-phosphoglyceric acid, are seen to be the only 
compounds which clearly decrease in fraction of 
fixed radioactivity with time. This is evidence 
for 2 initial carboxylation reactions (see below). 

Photoreduction. C“O» fixation experiments with 
hydrogen-adapted Scenedesmus (50 ft.-c.) (7) 
demonstrated the identity of products formed and 
the striking similarity of their rates of formation 
to those of photosynthesis. Typical radiograms 
for the two series are shown in figures 8 and 9. 
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The major difference between photosynthesis 
and photoreduction, then, lies in the mechanisms 
of hydrogen transfer and not in the path of car- 
bon reduction by the reducing agents produced. 

Dark Fixation Products. Two types of dark 
fixation of labeled carbon were observed. The 
first type was obtained when plants were exposed 
to C“O. immediately following a period of il- 
lumination in the absence of carbon dioxide (fig- 
ure 10a), in which case the labeled products as 
well as their rates of formation were found to be 
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Fig.4, INcorroraTION of C' in pRopucTs of 
SHORT PHOTOSYNTHESIS by Scenedesmus. Light 
intensity, 500 ft.-c. Temperature, 20°C. The 
radioactivity as defined by the radioautograph 
was determined directly on the series of .paper 
chromatograms. Large thin window gieger-miiller 
tubes (K. G. Scott type) were used for radio- 
activity determination. The products chromato- 
graphed include only those soluble in 80% ethanol. 


nearly the same as in short exposures (15-60 
seconds) in the light (fig. 10b). The proportion 
of radiocarbon found in malic acid, aspartic acid, 
and alanine to the total radiocarbon fixed was 
appreciably greater (3). Depletion of the malic 
acid (Cy) and alanine (C;) reservoirs by preil- 
lumination (reduction to hexose) resulted in their 
restoration with labeled compounds as soon as 
a source of carbon dioxide became available. 
The second type of fixation was observed when 
the exposure to radioactive carbon dioxide in the 
dark did not follow soon after a period of illu- 
mination (fig. 10c). A much slower rate of fixation 
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PLANT B ote els Cie £6 Oe Bees Beet os oe ey Meee ees sa 
CONDITION PI PI | PS | PS| PS; PS | PS| PS | PS | PS |} PS |PS|PS|PS;}PS;PS/|PS;} PS_ | PS/| Ps 
TIME (SEC.) 120D 1800D) 2 | 5 5 | 15 | 30} 6 | 30 | 90 | 90 | 30 | 30| 60 | 60/60| 60| 15 30 | 40 

FOOT-CANDLES _| (DARK) (DARK) MI MI} | MI | MI| 

(1078) 10 10 | 10 | 10/10] 10 | 1 | 10 | 10 | to | 10 | 3 | 3 )27)2.7/2.7) 27 10 10 | 10 

Glyceric | oe 
COOH 96 gx 95 95 49 75) 44 81) 73) 51) 48) 44 43) 56 
CHOH 2. Pr 3/2.5) 25 | 6) 30 7; 12) 24) 24) 25) 27) 21 
CH.OH 7 15 | 2)1.2) 26} 9) 25) 10 15) 25) 28) 31! 30) 23 
s Saat re hd Me UP ee wks Wake dens eli acelin Saale 
Alanine | 
COOH 89 67 48 | 56 ~50 
CHNH, 10 144] ll. |~50 | | 
: 30 is 44 

CH; 0.5 f <5 f 
Glycolic 
COOH 50+5 | 48 47 
CH.OH 50+5 | 52) 53 
Sucrose | 
C;—C, 76 52 37 | 87 
C.—C; 17 25 34 | 7 
C.-C. 7 24 32 | 6 
Malic acid 
Both 

(—COOH) 93.5 
CHOH—CH:— 6.5 
Aspartic acid 
Both 

(—COOH) 96 | 
—CHNH.—CH, 4 

PI = preilluminated; PS = Photosynthesis; MI = malonate pretreated. 


of radiocarbon (one-tenth to one one-hundredth 
the rate) was observed and the labeled products 
(95% of the total) were malic, succinic, fumaric, 
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Fig. 5. Errect OF LIGHT INTENSITY upon prod- 
ucts of 30 seconds’ photosynthesis by Scenedesmus. 
Aqueous ethanol extracts of approximately equal 
amounts of cells were used in these radiograms. 
The two major compounds in the 400 ft.-c. radio- 
gram were identified as phosphoglyceric acid and 
phosphopyruvie acid. The spot with increased 
radioactivity in the 800 ft.-c. radiogram was also 
identified as phosphoglyceric acid. 


citric, glutamic and aspartic acids, and alanine 
(3). These compounds are believed to be labeled 
by fixation of carbon dioxide through reversi- 
bility of the common carboxylation reactions. 
The effect of light on the labeling of some of these 
compounds will be discussed later. 

Those compounds labeled in the light and in 
preillumination experiments only are considere:! 
products of photosynthesis, while alanine, malic 
acid, and aspartic acid, labeled slowly in non- 
preilluminated dark experiments and much mor: 
rapidly in light and preilluminated dark experi 
ments are considered to be products of boti 
photosynthesis and reversible respiration reac 
tions. 


DEGRADATION STUDIES 


Degradation of hexose formed during short 
periods of photosynthesis with labeled carbon 
dioxide revealed that the highest percentages of 
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labeled carbon were in the 3 and 4 positions, the 
next highest in the 2 and 5 positions and the least 
inthe 1 and 6 positions. In most cases, labeling 
of the 1,6 positions was found equal to that in 
the 2,5 positions (4, 8). Degradation of phos- 
phoglyceric acid and of alanine demonstrated 
that the greatest labeling was in the carboxyl 
groups. Exceptions to this distribution (4,9) have 
been considered caused by brief photosynthesis 
orexchange with CO, immediately before killing 
the plant. This resulted in decreased carboxyl 


TABLE 2. EFFECT OF LIGHT INTENSITY ON EARLY 
PRODUCTS 
FRACTION OF RADIOACTIVE CARBON’ FIXED 
EXPRESSED IN PERCENTAGE, IN PRODUCTS OF 
STEADY STATE PHOTOSYNTHESIS IN 4% CO. IN 
AIR BY Scenedesmus-D; IN 30 SECONDS 


Light intensity* 


(foot-candles) 400 800 4000 8000 
Total C' fixed? 

c.p.m. X 1076 0.36 0.65 3.6 3.7 
3-phosphoglyceric 

acid 55 33 10 12 
2-phosphogl yceric . 

acid® 3 17 5 5 
Phosphopyruvic 

acid 12 10 5 5 
Triosephosphates 1 1.3 16 1.5 
Hexose phosphates 15 17 69 62 
Malic acid 3.0 4.1 4 6.1 
Aspartic acid 1.8 2.5 1.5 2.0 
Alanine 1.7 1.2 1.5 1.6 
Serine 3 5 
Glycine 2 2 4 
Glycolie acid 3 2 8 
Sucrose 3 <p 420 
Fats 6 2.4 
Succinic acid 0.5 2 0.1 
Fumarie acid 2 ‘Ord 

6 


Citrie acid 2 1:2 5 


mt 
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labeling and 3 ,4 labeling in hexoses. The results of 
a number of degradations are given in table 1. 
It is seen that as the length of exposure of the 
plant to CO, is shortened, the proportion of 
radiocarbon in the carboxyl group of glyceric 
acid to the total radiocarbon in the molecule 
becomes large and is large in the case of the preil- 
lumination experiment. This result suggests that 
phosphoglycerie acid which is the first isolable 
product of photosynthesis is formed by a car- 
boxylation of some C, compound. 

Malic and aspartic acids from short-term pho- 
tosynthesis with C™“O. have been degraded and 
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Fig. 6. PHorosyNTHETIC CO. FIXATION BY 

Scenedesmus. Light intensity 45 foot-candles. Tem- 

perature 20.7°C. 0.10 ec. cells in 2.9 ml. of 0.05 m 

KH.,PO,. Diminution of the rate after 150 min- 

utes was caused by depletion of available C™O:. 
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Fig. 7. DisTRIBUTION oF C! IN PRODUCTS OF 
PHOTOSYNTHESIS BY Scenedesmus. Light intensity 
45 ft.-c., ef. fig. 6. 





again most of the labeling has been found in the 
carboxyl groups. This distribution of activity, 
together with the early appearance of labeled 
malic acid and phosphopyruvie acid, suggests 
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that phosphoglyceric acid is converted to phos- 
phopyruvie acid which then is carboxylated as in 
the Wood-Werkman reaction (10) to give oxalo- 
acetic acid from which, in turn, malic and as- 
partic acids would arise. The enzyme system for 
such a carboxylation has been found in higher 
plants by Vennesland et al. (11). Thus, there 
would be two carboxylations involved in carbon 
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principal labeled product at low light intensities 
(50 foot-candles and lower) is malic acid (7). 
This variation in products is thought to be the 
result of variation with light intensity of the con- 
centrations of the respective carbon dioxide ac- 
ceptors. 

The C, carbon dioxide acceptor must be a 
highly reduced compound. It would be formed 
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Fig. 8 (left). TypicaL propucts of photosynthesis (45 ft.-c.) of Scenedesmus. 


Fig. 9 (right). TypicaL propucts of photoreduction by adapted Scenedesmus, 45 ft.-c. 
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Fig. 10. DARK AND PHOTOSYNTHETIC CO; fixations by barley leaves. a (left): Two minutes dark fix- 
ation by barley leaves which had been preilluminated in nitrogen 5 minutes at 8,000 ft.-c. b (mid- 
dle): Sixty seconds steady-state photosynthesis by barley. ¢ (right): Fifty minutes dark fixation 


by pre-dark leaves. 


dioxide reduction in the light, one a C, to C. 
addition and the other a C, to C; addition. 
Additional evidence for these two fixation 
mechanisms was obtained from comparison of 
tracer studies at high and low light intensities. 
While the predominant labeled product of short 
exposures to CO, at high light intensity (400 to 
10,000 foot-candles) is phosphoglyceric acid, the 


readily in the presence of photochemically pro- 
duced reducing power but in the dark it would 
probably be formed only by reversal of the C; to 
C; carboxylation and in the latter case subse- 
quent rapid oxidative reactions might keep its 
concentration at a very low level. 

The concentration of C; carbon dioxide ac- 
ceptor, probably phosphopyruvie acid, would 
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depend upon the rate of glycolysis and upon the 
forward and reverse rates of the two carboxyla- 
tions. In the dark, the concentration of C; carbon 
dioxide acceptor is maintained by glycolysis while 
concentration of C, carbon dioxide acceptor will 
be very small, as discussed in the preceding 
paragraph. Consequently, in the dark and at low 
light intensities, the predominant product will 
be malic acid in short-term exposures. As the light 
intensity is increased, the concentration of C, 
carbon dioxide acceptor tends to increase, causing 
an increase in the rate of C, to C; carboxylation. 

Ultimately, the C.-C, reaction becomes the 
faster of the two carboxylations, with the result 
that at high light intensities phosphoglyceric acid 
is the predominant product formed in short times. 

Generation of C, Compound. There remains the 
necessity for continuously generating the two- 
carbon compound which, according to the above 
proposals, is carboxylated to give phosphoglyceric 
acid. One possible mechanism for forming a C, 
compound would be a C.-C; condensation. This 
possibility is being investigated, but is considered 
unlikely for several reasons. The direct coupling 
of two carbon dioxide molecules with simultaneous 
reduction seems an improbable mechanism. More- 
over, the expected product of such a reaction, 
oxalic acid, has not been found labeled. 

If the carbon dioxide is first reduced to some 
other C, compound, then labeled formaldehyde 
or formic acid should be found. However, the 
most labeling we have found in these compounds, 
after 2 minutes exposure of Scenedesmus (1.0 
gram) to radioactive carbon dioxide during which 
a total of 1.7 X 10° dis/sec. was fixed, was as 
follows: The formaldehyde, isolated by adsorp- 
tion chromatography as the 2,4-dinitrophenyl- 
hydrazone, contained about 33 dis/sec. while 
the total volatile acids not reacting with 2,4- 
dinitrophenylhydrazine contained about 200 
dis/sec. There is good reason to believe the latter 
is mostly acetic acid but in the following calcu- 
lations it is assumed to be all formic acid. The 
specific activity of labeled carbon dioxide used 
was 1.7 X 10" dis/mole sec. Consequently, if the 
molar specific activity of the formic acid and 
formaldehyde were that of the C“O, used, as it 
would have to be if these compounds were actual 
intermediates in photosynthesis yet present in 
such small concentrations, the actual quantities 
of these compounds would be 2 X 10-?* moles 
of formaldehyde and 12 x 10-?° moles of formic 
acid in one gram of wet packed cells. There is 


CHEMICAL TRANSFORMATIONS IN PHOTOSYNTHESIS 





531 


evidence that even these small quantities of for- 
mic acid and formaldehyde may be artifacts. 
Labeled triose phosphate is known to be present 
in these experiments, and from triose phosphate - 
one obtains some pyruvaldehyde under the con- 
ditions of analysis of the plant extract. Com- 
mercial pyruvaldehyde contains appreciable 
amounts of acetaldehyde and formaldehyde which 
probably are decomposition products. Labeled 
pyruvic acid might give some formic and acetic 
acids. 

Another argument against C,-C, condensation 
can be based on the absence of appreciable 
radioactivity in two-carbon compounds in short- 
term experiments. Glycine and glycolic acid are 
not found to be significantly labeled in short 
experiments (one-second barley photosynthesis 
showed no detectable glycolate or glycine), and 
this evidence is in argeement with the fact that 
the alpha and beta carbon atoms of glyceric acid 
possess only 5 per cent of the total label of the 
glyceric acid molecule in these experiments. If 
the C. compound were formed by condensation 
of C, compounds, present in very small concen- 
trations, then the C, compounds should become 
labeled very rapidly. 

Finally, there is good evidence that the labeled 
carbon which is eventually incorporated in the C; 
compound must first be incorporated in a C; or 
C, compound. If plants are illuminated in C“O, 
for short periods under conditions where the C; 
and C, compounds are normally found to be 
labeled and then are illuminated for an additional 
period in the absence of carbon dioxide, there is 
found to be a disappearance of C; and C, com- 
pounds and an accumulation of labeled glycolic 
acid and glycine. This suggests the close relation- 
ship between the latter two compounds, and the 
C; carbon dioxide acceptor. This carbon dioxide 
acceptor must be formed as a direct result of the 
photochemically produced reducing power and 
must itself accumulate in the absence of carbon 
dioxide. This explains why the formation of 
phosphoglyceric acid is the light-sensitive car- 
boxylation. 

If glycolic acid and glycine, accumulated by 
illumination in the absence of carbon dioxide 
(3) are assumed to be derived from or are pre- 
cursors of the C, acceptor molecule, one must 
conclude that the C, acceptor is not the product 
of C, reduction and C.-C; condensation. The 
formation of such a C. compound by direct re- 
duction of carbon dioxide and C,-C, addition 
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would be highly dependent upon the amount of 
carbon dioxide available, and conditions of low 
carbon dioxide pressure would not lead to the 
observed great increase in C, compounds. 

If the C,-C, condensation is dismissed as the 
mechanism of C, formation, there is left the 
alternative of splitting the C. compound from a 
larger molecule. The only larger molecules found 
to be labeled in the very short-term photo- 
synthesis experiments were the three and four 
carbon acids, phosphoglyceric acid, phosphopy- 
ruvic acid and malic acid, while, at the same time, 
a small but significant labeling of the alpha and 
beta carbons of phosphoglyceric acid was found. 
Since the sum of the radioactivity found in the 
C; and C, compounds in such short-term experi- 
ments was equal, within experimental error, to 
the total activity fixed during the experiment, it 
appears that all appreciably labeled compounds 
were detected by the methods of analysis em- 
ployed. The splitting of a C; compound would 
result in either a profitless decarboxylation or in 
the formation of formaldehyde or formic acid, 
neither of which have been found to be labeled 
significantly even in longer experiments. Conse- 
quently, the most likely regenerative mechanism 
would appear to be the cleavage of a C, di- 
carboxylic acid to give two C, molecules which 
would be converted to the two-carbon carbon di- 
oxide acceptor. Thus, there would be a regenera- 
tive cycle consisting of C; to C, addition, C, to C; 
addition, and splitting of a C, compound to two 
C. compounds. This proposed cycle will be desig- 
nated as Cycle A in this paper. Thus far, no 
experimental evidence has been found which 
would contradict the existence of the proposed 
cycle. 

Varner and Burrell (12) report experiments in 
which Bryophyllum leaves were exposed to C“O, 
in the dark and then exposed to light in an 
atmosphere free of C“O,. Degradation of malic 
acid formed in one of these experiments gave 21 
per cent of the total labeling of the molecule in 
carbon atoms 2 and 3, 34 per cent in carbon 1 
(alpha carboxyl), and 45 per cent in carbon 4 
(beta carboxyl). Degradation of glucose from 
starch in the same experiments gave for the 3,4 
carbon atoms 52 per cent and for the 3,5, and 
1,6 positions (total for 4 atoms) 48 per cent. 
Varner and Burrell concluded that the conversion 
of malic acid to carbohydrate does not take place 
via the Cycle A mechanism described above, 
since this mechanism should produce hexose pre- 
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dominantly labeled in the 2,5 positions rather 
than the 3,4 positions. They further concluded 
that the labeling found could be accounted for by 
a reversal of the Wood-Werkman reaction. Un- 
fortunately, although it is stated that the plants 
are exposed to light in an atmosphere free of 
CO,, no mention was made as to whether or not 
unlabeled carbon dioxide was excluded at the 
same time. If carbon dioxide was excluded, then 
Cycle A by itself, of course, could not operate 
since it involves a carboxylation. Even if carbon 
dioxide were not excluded during illumination it 
would not be surprising if Bryophyllum, which 
stores carbon in a large reservoir of malic acid in 
the dark, should, upon illumination, convert this 
carbon to phosphoglyceric acid via the reversible 
Wood-Werkman reaction. It is unlikely that this 
plant would depend upon its natural environment, 
notably deficient in carbon dioxide, to supply 
sufficient carbon dioxide for conversion of malic 
to carbohydrate entirely through Cycle A. It 
seems likely that the carbon dioxide, temporarily 
‘freed’ by the Wood-Werkman decarboxylation 
never actually escapes the cell, but rather is used 
immediately in the carboxylation of C. compound 
and possibly in other carboxylation reactions not 
related to photosynthesis. If only Cz to C, car- 
boxylation is involved, then for each two malic 
acid molecules decomposed via the Wood-Werk- 
man reaction, one is cleaved via Cycle A. If, in 
Varner and Burrell’s experiments, the combina- 
tion Cycle A and Wood-Werkman reaction mech- 
anism described above were operating, the 
resulting distribution of labeling in hexoses would 
be 53 per cent in the 3,4 position and 47 per 
cent in the 2,5 plus 1,6 positions. If only the 
Wood-Werkman transformation were involved, 
these figures would be 62 per cent and 38 per cent 
respectively. Consequently, the Bryophyllum ex- 
periments are by no means in contradiction to 
the proposed cycle. 

The CO.-gush observed in algal photosynthesis 
has been attributed by Emerson to such a de- 
carboxylation. Since the C: acceptor reservoir is 
small at the highest carbon dioxide pressures, the 
carbon dioxide liberated when malic acid is re- 
duced to hexoses is not immediately used and 
could appear as the observed gush. 

In attempting to elucidate details of Cycle A, 
several dicarboxylic acids have been considered 
as possible intermediates. Succinic and fumaric 
acids, tentatively suggested in earlier papers, 


* Emerson, Robert, personal communication. 
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appear more likely to be respiration intermediates 
than photosynthetic intermediates, since their 
specific activities increase only slowly during 
photosynthesis. In fact, in some cases, alpha, beta 
labeled glyceric acid and 2,5 plus 1,6 labeled 
hexose have been found in the complete absence 
of any labeled succinic acid. However, malic 
acid, because of its more rapid labeling in the 
light, seemed a possible intermediate in the pro- 
posed cycle. 

In order to ascertain whether malic acid might 
be such an intermediate, an attempt was made to 
inhibit its formation during short periods of 
photosynthesis (7). Scenedesmus was pretreated 
with sodium malonate buffer in the dark, and re- 
suspended in malonate-free buffer in the light. 
Finally, after a suitable adaptation period in the 
light the actively photosynthesizing cells were 
exposed to CO, for short periods. It was found 
on analysis of the cell constituents that although 
total fixation of labeled carbon was decreased only 
slightly (12-35%) over that fixed under similar 
conditions by non-malonate pretreated cells, the 
radiocarbon incorporated as malic acid was 
strongly decreased (60-97%). The other products 
of this short-term exposure were relatively un- 
changed. Moreover, degradation of glyceric acid 
from the malonate treated cells and untreated 
cells showed a labeling of the alpha and beta 


‘carbon atoms which was not decreased by 


malonate pretreatment. This result is interpreted 
as indicating that malic acid is not itself an 
intermediate between carbon dioxide and the 
alpha and beta carbon atoms of glyceric acid in 
photosynthesis. Consequently, if the conclusion 
that phosphoglyceric acid is an intermediate in 
carbohydrate synthesis is correct and if car- 
bohydrate is formed from phosphoglyceric 
acid by ‘a reversal of glycolysis reactions, then 
malic acid is not an intermediate in photo- 
synthesis. The role of malic acid appears, there- 
fore, to be that of a carbon reservoir, readily 
derived from an intermediate in photosynthesis. 
Since neither malic acid, fumaric acid nor 
succinic acid appears to be an intermediate in 
Cycle A, the four-carbon compound which is split 
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into two C, fragments must be either a four-car- 
bon dicarboxylic acid or some other four-carbon 
compound that can be derived from oxaloacetic 
acid without first being converted to malic acid. 
The symmetrical labeling of alpha and beta car- 
bons of phosphoglycerate requires the participa- 
tion of a symmetrical intermediate in this process. 
It should be noted that a number of experiments 
have been reported both from this laboratory and 
from others (4, 8, 12) in which the 2,5-carbon 
atoms of a hexose do not have the same specific 
activity as the 1,6-carbon atoms. This implies 
that there exists routes in which the C, fragment 
maintains its unsymmetrical labeling throughout 
the cycle. : 

The formation of labeled glycolic acid during 
short periods of photosynthesis with CO, was 
found to be dependent upon the partial pressure 
of oxygen. Thus, in corresponding lengths of ex- 
posure to CO., the percentage of total fixed 
activity found in glycolic acid was about ten times 
greater when the atmosphere surrounding the 
plant contained 20 per cent oxygen than when 
the plant was exposed to an atmosphere contain- 
ing one per cent oxygen. This effect might be 
explained in at least two ways. The oxygen might 
be used in the oxidation of oxaloacetic acid to a 
more oxidized acid if the latter is an intermediate 
in Cycle A. In this case the operation of Cycle A 
would be accelerated by the increase in oxygen 
pressure described above. 

If the cleavage of C, compound occurs at a 
lower reduction level, then the initial C, cleavage 
products might be more reduced than glycolic 
acid and the oxidation of these reduced com- 
pounds would be favored at increased oxygen 
concentrations. In this case, the formation of C; 
carbon dioxide acceptor would be decreased by 
increased oxygen pressures. It may be possible in 
future experiments to measure the rate of forma- 
tion of C, carbon dioxide acceptor in the presence 
of high and low oxygen pressures by degrading the 
labeled phosphoglyceric acid and thus discover 
which of the above explanations of oxygen- 
enhanced glycolic acid formation is more 
probable. 
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INTERMEDIATES IN PHOTOSYNTHESIS 


EK. W. Facer, J. L. Rosensperc! anp H. GAFFRON 


From the Institute of Radiobiology and Biophysics, and Department of Biochemistry, University 
of Chicago (Fels Fund) 


CHICAGO, ILLINOIS 


ISOLATION AND IDENTIFICATION OF 
PHOSPHOGLYCERIC ACID 


W: HAVE PRESENTED EVIDENCE in the past (1) 
which conflicted with the claim of Benson, Calvin 
et al. (2) that phosphoglyceric acid is an important 
intermediate in photosynthesis. This conflict no 
longer exists. Shortly before the end of last year 
we were able to isolate C-tagged glyceric acid, 
after removal of the phosphate, carrier-free from 
photosynthesizing algae and to identify it posi- 
tively by the preparation of several derivatives. 
The substance was isolated from the hot-water 
extract from large quantities of algae by succes- 
sive adsorptions on and fractional elutions-from 
anion exchange resins. This partially purified 
material was esterified with p-phenylphenacyl 
and p-bromphenacyl bromides and the esters were 
purified by successive adsorptions on silicic acid 
columns. As a check on its structure, the 
p-phenylphenacyl ester was oxidized with periodic 
acid and the expected one mole of adjacent hy- 
droxyls per mole of ester was found. The ion ex- 
change separation was later improved so that an 
analytically pure sample of barium glycerate 
could be prepared. Data concerning these com- 
pounds are shown in table 1 (8). 

Because, during the isolation, the central por- 
tion of the major activity peak was always 
selected, there is no question that phospho-p- 
glyceric acid is an important intermediate, or 
product, of photosynthesis. 

The low percentage of activity found in phos- 
phoglyceric acid, 5 per cent, in our earlier work 
requires an explanation, for we have found that 
the periodate oxidation method of determination 
which we employed is reliable. A partial ex- 
planation may be that nearly all inactive carbon 
dioxide was used up during the photosynthetic 
period with which we always preceded the addi- 
tion of tracer, and that, although the tracer was 





1 Atomic Energy Commission Post-doctoral Fel- 
low in the Physical Sciences of the National Re- 
search Council. 


first fixed in phosphoglyceric acid, most of it was 
transformed by light into triose and then into 
other compounds. All experiments reported in the 
present paper were done with a known large 
excess of carbon dioxide. 


APPARATUS AND METHODS 


Having isolated glyceric acid and proven its 
identity, we felt justified in using the normal 
carrier technique in studying the role of this 
compound, as its phosphate ester, in photo- 
synthesis. Figure 1 shows the tagging apparatus 
used. It is a flat-sided, circular vessel of about 
one-half inch thickness, fitted with a stirrer which 
insures that the algae are subjected to equal 
illumination and a slide-valve with which the 
contents, 100 cc., can be emptied in less than } 
second. It is illuminated from both sides by 
fluorescent lamps. 

In all of the work discussed from this point on, 
the algae, Scenedesmus obliquus, were grown at 
pH 7 to 8, washed and resuspended in pH 6.2 
phosphate buffer to a concentration of 6.4 cc. of 
algae per liter, and then aerated in the dark with 
carbon dioxide-free air for } hour to give a re- 
producible base point from which all experiments 
could start. In most of the experiments, the algae 
were removed in 50 cc. aliquots, diluted with an 
equal volume of water, and illuminated (light 
intensity somewhat below that necessary for 
saturation) in the tagging vessel in the presence 
of a measured large excess of inactive bicarbonate 
for 15 minutes before the tracer? was added. 

Phosphoglyceric acid and pyruvic acid were 
determined using inactive carriers: phospho- 
glyceric acid by intestinal phosphatase hydrolysis, 
periodate oxidation, and isolation of the alpha 
plus carboxyl carbons as the carbonate-soluble 
2 ,4-dinitrophenylhydrazone of glyoxylic acid, the 
beta carbon as the corresponding hydrazone of 
formaldehyde; pyruvic acid, after mild acid hy- 


2 C™“ was obtained as BaCO; from the Isotopes 
Division, U. S. Atomic Energy Commission. 
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drolysis, as the carbonate-soluble 2,4-dinitro- 
phenylhydrazone. The reliability of these tests 
was checked by column separation of the two. com- 
pounds; the separated compounds accounted for 
about 80 per cent of the activity indicated by 
analyses on the total extracts. The discrepancy 
in the case of phosphoglyceric acid may be due to 
the presence of tagged glyceric acid formed from 
it by phosphatase activity of the algae. 


TIME COURSE OF TRACER FIXATION IN PHOSPHO- 
GLYCERIC ACID AND PYRUVIC ACID 


The time course of fixation of tracer in phospho- 
glyceric acid and pyruvic acid during normal 
photosynthesis has been determined (fig. 2). The 
top line shows the percentage of water-extractable 


TaBLE 1. ANALYSES! OF GLYCERIC ACID 
DERIVATIVES 








Barium glycerate: 
Calculated: Ba, 39.5%; C, 20.7%; H, 2.9% 
Found (after vacuum drying at 110°): Ba, 
40.0%; C, 20.6%; H, 3.1% 
p-Phenylphenacyl glycerate: 
Calculated: C, 68.0%; H, 5.3% 
Found: C, 67.6%, 68.0%; H, 5.2%, 5.8% 
p-Bromphenacyl glycerate: 
Calculated: C, 43.5%; H, 3.6%; Br, 26.4% 
Found: C, 43.5%; H, 3.5%; Br, 26.4% 


1 Analyses by Mr. Wm. Saschek, Dept. of 
Chemistry, Univ. of Chicago. 





tracer fixed in the alpha carbon plus carboxyl of 
phosphoglyceric acid. The decarboxylation of the 
glyoxylic hydrazones has not been entirely satis- 
factory so that separate curves cannot be shown 
for these two carbons. The near approach, at 120 
seconds, to the theoretical value of 2.0 for the 
ratio of counts in alpha carbon plus carboxyl to 
those in beta carbon suggests that phospho- 
glyceric acid is almost saturated with tracer after 
two minutes of photosynthesis at the rate obtain- 
ing under the light intensity employed. It is cer- 
tain that the carboxyl is tagged first; the alpha 
carbon seems to be tagged very little faster than 
the beta carbon. 

The ratio of activity in phosphoglyceric acid 
(alpha carbon and carboxyl plus beta carbon) to 
that in pyruvic acid remains between 5 and 6 to 
one for the entire range of times. This is in sharp 
contrast to the ratio which is found if the algae 
are allowed to remain in the dark for 20 seconds 
before killing. In this dark period, the ratio 
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decreases to less than 4 to one, indicating that the 
necessary enolase is probably present although it 
does not work rapidly enough to keep up with the 
photosynthetic production of phosphoglyceric 
acid (the final equilibrium value should be some- 
what less than 3 to one at the temperature of the 
suspension (4)). If phosphopyruvic acid preceded 
phosphoglyceric acid and the transformation were 
the normal enzymatic one, the ratio could not 
exceed 3 to one. Therefore if phosphopyruvic acid 
is involved in photosynthesis, it must follow 
phosphoglyceric acid. 


TAGGING APPARATUS ~O 
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Fig. 1. Taccinc Apparatus 


PRE-ILLUMINATION: LONG-LIVED REDUCING POWER 
OR CARBON DIOXIDE ACCEPTOR? 


The Berkeley group have termed the illumina- 
tion of algae in the absence of carbon dioxide and 
oxygen, ‘pre-illumination.’ They state that the 
distribution of tracer fixed in the dark following 
such treatment is closely similar to that in short- 
period photosynthetic fixation (5). However, an 
examination of their published data for Chlorella 
and barley shows qualitative agreement but many 
differences in the relative importance of com- 
pounds (6). This dark fixation following pre- 
illumination might be due, as they suggest, to the 
photochemical production of long-lived reducing 
power capable of reducing many compounds, or it 
might be entirely unrelated to photosynthesis and 
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only represent the reversal of decarboxylations 
caused by the photochemically-produced severe 
lack of carbon dioxide, or it might be due to the 
survival of an acceptor for carbon dioxide. 

If the photochemical split of water* resulted in 
the production of a long-lived general reducing 
power (7), such as reduced pyridine nucleotides, 
chloroplasts which carry out this split should 
reduce Hill reagent dyes in the dark after having 
been strongly illuminated prior to the additon of 
the dye. They do not do so.‘ That the pre- 
illumination had not eradicated the chloroplasts’ 
ability to perform photochemical reductions was 
proven by illuminating the mixture of dye and 
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in the light before the tracer or with the tracer 
in the dark, it significantly reduces the amount 
of dark fixation (table 2). The shifts in the 
percentage distribution of tracer among the 3 
fractions, lipids, water-solubles, residue, indicate 
that it is the carboxylation reaction leading up to 
phosphoglyceric acid which is blocked by the 
poison, and not further transformations. Thus the 
carboxylations involved in photosynthesis and in 
dark fixation after pre-illumination are similar in 
their cyanide sensitivity and different in this 
respect from the usual dark carboxylations. 

If the dark fixation following pre-illumination 
were the result of the survival of the acceptor 








aes wl PRETREATMENT: ISMIN. PHOTOSYNTHESIS WITH Excess c!2o,, 
PHOSPHATE BUFFER, PH 62 
6 }- TIMES: CONTACT WITH C!409 
(57,6 %) - 
(VALUES~ AVERAGE OF OUPLICATES) 
50 }- (48.3%) 
SOLID LINES % WATER-EXTRACTABLE TRACER 
40 
PHOSPHOGLYCERIC ACID ( CARBON & GARBOXYL) 
30 LL. 
(26.8%) 
20 
10.1%) (BCARBON) (11.0%) 
to LL ( 0.2%) 80%) 19.6%) PHOSPHOGLYCERIC ACID 0 
PYRUVIC ACID (72% 
° l | | l 











70 80 90 100 ito 120 


SECONDS 
Fig. 2. FIXATION OF TRACER in phosphoglyceric acid and pyruvic acid during normal photo- 


synthesis. 


chloroplasts for a few seconds. The typical Hill 
reaction (reduction of the dye) was always ob- 
tained. These experiments prove that the photo- 
chemical split of water does not result in the 
formation of a long-lived general reducing power. 

During illumination in the absence of carbon 
dioxide, the concentration of all compounds hav- 
ing a labile carboxyl will be severely reduced. The 
dark fixation following such _pre-illumination 
should not be cyanide sensitive if it were only 
the re-carboxylation of such compounds as occur 
in the ‘tricarboxylic acid cycle. However, when 
cyanide is added to pre-illuminated algae, either 





’ This does not imply that the photochemical 
reaction forms free H and OH radicals. 

‘ The experiments cited were performed by Dr. 
A. H. Mehler; he will report them in detail later. 


for carbon dioxide appearing during photosyn- 
thesis, it might be expected to lead to the same 
compounds. Bar A of figure 3 shows that, in 
Scenedesmus, fixation in the dark for 60 seconds 
after 15 minutes pre-illumination under nitrogen 
fixes tracer almost exclusively in phosphoglyceric 
acid and pyruvic acid. The ratio of activity in 
phosphoglyceric acid to that in pyruvie acid 
(7/1) indicates that phosphoglyceric acid did not 
arise through phosphopyruvic but preceded it. 
These results suggest that the dark fixation 
following pre-illumination is the result of the 
survival of an acceptor for carbon dioxide and 
further that this acceptor is similar to that acting 
in photosynthesis in that it not only leads to the 
same compound, phosphoglyceric acid, but does 
so by a mechanism not involving phosphopyruvic 








acid as a precursor. The fact that very little 
tracer goes beyond phosphoglyceric acid is addi- 
tional evidence against the concept of the pro- 
duction of a long-lived general reducing power by 
the photochemical split of water during pre- 
illumination. 


PHOTOCHEMICAL REDUCTION OF PHOSPHO- 
GLYCERIC ACID 


In contrast to the results of dark fixation 
following pre-illumination, 10 seconds’ fixation in 
the light after such pre-treatment (Bar B, fig. 3) 
gives a distribution of tracer comparable to that 
found after 10 seconds’ fixation during normal 
photosynthesis (compare Bar E, fig. 3). This 
reduction by the light of the percentage of tracer 


TABLE 2. EFFECT OF CYANIDE ON DARK FIXATION 
FOLLOWING PRE-ILLUMINATION 








Total Fixation 
TOTAL 


TIME OF CYANIDE CYANIDE TRACER 
ADDITION CONCENTRATION FIXED 
Control 0 7440 
In light, 1 min. before C™ .002m 1230 
In light, 2 min. before C'* .002 260 
With C in dark .001 um 2360 
With C" in dark .002 1070 
Tracer Distribution 
WATER- 
LIPIDS SOLUBLE RESIDUE 
% % % 
Control 10 75 15 
.002m cyanide added 
in light, 1 min. be- 
fore C™* 10 34 56 





fixed in phosphoglyceric acid suggests that this 
compound is photochemically reduced during 
photosynthesis. Further proof of the photochemi- 
cal reduction of phosphoglyceric acid was given 
by the following experiment. Algae were pre- 
illuminated and then allowed to fix tracer in the 
dark for 60 seconds (as Bar A, fig. 3). They were 
then washed free of tracer, re-suspended in carbon 
dioxide-free buffer, and half was illuminated while 
half was kept in the dark. Both halves were 
killed at the same time. This illumination did not 
change the total tracer content but it did signifi- 
cantly reduce the amount of tracer found in 
phosphoglyceric acid. After 40 seconds of illumi- 
nation the amount of tracer found in phospho- 
glyceric acid was only 35 per cent of that found 
in this compound in the dark control, after 60 
seconds it was 27 per cent. Thus phosphoglyceric 
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acid is an intermediate in photosynthesis, being 
formed in response to light and being photo- 
chemically reduced. 


EVIDENCE FOR A LABILE PHOTOSYNTHETIC 
PRECURSOR TO PHOSPHOGLYCERIC ACID 


In connection with some other studies, we al- 
lowed the algae to stand in the dark for 20 seconds 
after they had fixed tracer for 10 seconds in nor- 
mal photosynthesis. The right hand portion of 
figure 3 shows the unexpected result (Bars E and 
F); additional tracer in an amount equal to about 
10 seconds of photosynthesis was fixed during the 
20-second dark period. This is nearly 20 times the 
amount which would be fixed in 20 seconds by 
crcinary dark metabolism. It is important to em- 
phasize that this dark fixation occurs even though 
an excess of carbon dioxide is always present and 
the algae have been doing normal photosynthesis 
for 15 minutes prior to the addition of tracer. 
Some of this fixation, about one-quarter, can still 
be observed if tracer is not added until the instant 
the light is turned off (Bar D, fig. 3). If the algae 
are allowed to stand 2 minutes in the dark before 
the tracer is added, all of this fixing power is gone 
and only normal dark fixation is obtained. The 
rapid disappearance of this photosynthetically 
increased dark fixation contrasts with the half- 
life of 2 minutes reported by the Berkeley group 
(8) and confirmed by us for the survival of dark 
fixation power after pre-illumination. This con- 
trast in half-lives may be due only to the different 
CO: pressures; the acceptor reacting rapidly with 
the excess of CO, present during normal photo- 
synthesis while after pre-illumination it is re- 
moved slowly by the CO, of fermentation. 

Figure 4 shows further data on this effect. Bar 
a indicates the just-mentioned complete disap- 
pearance of the effect in 2 minutes; bars }, c, 
and d are repetitions of those in figure 3 put in as 
comparison points; bar e shows the effect of a 
longer dark time, 30 seconds, and indicates that 
the fixation is complete in 20 seconds (we have 
other indications that it is complete in 10 seconds 
or less); bars f and g show that doubling the time 
of contact with the tracer in the light does not 
change the amount of dark fixation, thus indicat- 
ing that it is not just a transient phenomenon 
due to peculiarities associated with the first few 
seconds of tracer fixation; bars h, t, 7, and k are 
for two lower light intensities, 48.5 per cent and 66 
per cent of that previously used, and show that 
the magnitude of the dark fixation is directly 
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Fig. 3. FIXATION OF TRACER in algae. Pretreatment: 15 min. Illumination in absence of carbon 
dioxide. A, 60 sec. dark fixation; B, 10 sec. light fixation; C’, 10 sec. light + 60 sec. dark fixation. 
Pretreatment: 15 min. normal photosynthesis. D, 20 sec. dark fixation; E, 10 sec. light fixation; 
F, 10 sec. light + 20 sec. dark fixation. 
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Fig. 4, FrxaTion or TRACER in dark following normal photosynthesis. 
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normal photosynthesis fix an additional amount if 
allowed to stand in the dark for 20 seconds 
before killing; the amount fixed is dependent 
upon the rate of the preceding photosynthesis 
(light intensity) and is equivalent to about 10 
seconds of photosynthetic fixation; this fixation 
ability diminishes very rapidly in the dark ap- 
parently having a half-life of the order of a few 
seconds. 

Returning to figure 3, Bar C shows that a 
similar fixation occurs when the algae have been 
pre-illuminated, allowed to fix tracer for 10 
seconds in the light and then for 60 seconds in 
the dark. The correspondence between the ratios 
Bar E/Bar F (normal photosynthesis) and Bar 
B/Bar C (photosynthesis following pre-illumina- 
tion) suggests that the acceptor which accounts 
for the pre-illumination dark fixation (Bar A) can 
serve in photosynthesis. If this is true, all of the 
extra fixation (excess of Bar C over Bar B) is 
ascribable to dark stabilization of labile com- 
pounds formed during the preceding 10 seconds 
of photosynthesis. It is particularly significant 
that all of the extra fixation in the dark in Bar C 
is found in phosphoglyceric acid and the pyruvic 
acid derived therefrom (125,000 in phospho- 
glyceric acid and 20,900 in pyruvic acid). This 
observation is strong evidence for the existence 
of only one acceptor for carbon dioxide in photo- 
synthesis. Corroboratory evidence is given by the 
fact that most of the tracer fixed by the algae in 
10 seconds of normal photosynthesis is found in 
the carboxyl of phosphoglyceric acid (and pyruvic 
derived from it). If more than one acceptor is 
assumed, comparable amounts of tracer should 
appear in the alpha and beta positions of phospho- 
glyceric acid or in other compounds unless these 
other compounds are decomposed by the ex- 
traction with hot water. 

The observations reported in the preceding 3 
paragraphs are consistent with the presence of a 
labile precursor to phosphoglyceric acid, a com- 
pound formed by the addition of carbon dioxide 
to some 2-carbon acceptor whose concentration 
depends upon the photosynthetic rate (light in- 
tensity). If the algae are killed in boiling water 
immediately after illumination with tracer, the 
tracer fixed in the labile precursor is lost. If the 
algae are allowed to stand for a short time in the 
dark before killing, the tracer fixed in this com- 
pound is stabilized. If the tracer is added at the 
instant the light is turned off, the precursor is in 
sufficiently mobile equilibrium with the carbon 
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dioxide of the environment to fix some of the 
tracer by exchange. 

The alternative explanation that the dark 
fixation represents a net uptake ef carbon dioxide 
rather than the stabilization of an already formed, 
3-carbon precursor cannot be excluded. However, 
we believe that this is less likely because of Mac- 
Alister’s (9) failure to observe such a net uptake 
of CO, under conditions comparable to ours, and 
because only one-quarter of the fixation is ob- 
tained if tracer is not added until the instant the 
light is turned off. If the dark fixation requires 
about 10 seconds, which is the time required for 
comparable fixation in running photosynthesis, a 
reaction involving net uptake should be almost 
independent of whether the tracer was added 
during the light period or at the instant the light 
was turned off. 


TRANSFORMATIONS OF PHOSPHOGLYCERIC ACID 


We have four different percentages of phospho- 
glyceric acid shown in figure 3 arising from five 
different treatments: 84 per cent from dark fixa- 
tion after pre-illumination (Bar A); 73 per cent 
from light fixation followed by dark fixation, both 
after pre-illumination (Bar C); 52 to 58 per cent 
from light fixation either in normal photosynthe- 
sis (Bar E) or after pre-illumination (Bar B); 38 
per cent from light fixation in normal photo- 
synthesis followed by dark fixation (Bar F). An 
explanation of these differences may clarify the 
role of phosphoglyceric acid. They can be ex- 
plained by assuming: /) That a steady state con- 
centration of a labile, 3-carbon precursor to phos- 
phoglyceric acid is formed from a stable, 2-carbon 
acceptor and the excess of CO, during photo- 
synthesis; 2) that during pre-illumination, be- 
cause of the absence of CO., a steady state 
concentration of the 2-carbon acceptor preceding 
the precursor is formed; 3) that the precursor is 
stabilized by reduction to phosphoglyceric acid, 
either photochemically or in the dark; and 4) that 
phosphoglyceric acid itself can be reduced by 
light or by enzymatic hydrogen and that in the 
latter case an adequate supply of metabolic 
energy will be a necessary adjunct. 

Acceptor Precursor 
C. + CO: + [C,(CO:)] 


(A). 2 hosphoglycerie acid 
light or dark iS 


perhaps the dark reduction is 
[C.(CO.)] + Triose > 
2 moles of phosphoglyceric acid. 
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During pre-illumination in the absence of car- 
bon dioxide and oxygen, all phosphoglyceric acid 
and all carbon dioxide from fermentation will be 
removed and some carbon dioxide acceptor will 
be formed. When tracer carbon dioxide is added 
in the dark (Bar A) phosphoglyceric acid will be 
formed but very little goes further because of the 
absence of respiration necessary to provide the 
metabolic energy required for reduction of phos- 
phoglyceric acid. Thus a high percentage of the 
total fixed tracer is found in this compound. 

In the case of 10 seconds light fixation followed 
by dark fixation, both after pre-illumination, 
(Bar C), an additional large amount of tracer 
was fixed in the labile precursor formed during 
illumination in the presence of carbon dioxide, 
thus increasing the amount of tracer eventually 
found in phosphoglyceric acid. Notice that the 
blank space at the top of the bar, representing 
compounds other than phosphoglyceric acid and 
pyruvic acid, is nearly identical for this treatment 
and for the 10 seconds light alone (Bar B), 
showing that transformation out of phospho- 
glyceric acid occurs only in the light if no oxygen 
or respiratory substrates are present. 

In both cases of pure light fixation (Bars B and 
E), phosphoglyceric acid is formed and then 
photochemically reduced and the labile precursor 
is lost during the killing. After 10 seconds, about 
40 per cent of the total tracer fixed in stable 
compounds has been pushed past phosphoglyceric 
acid. 

In the case of light fixation during normal 
photosynthesis followed by dark fixation (Bar F), 
the algae will have, in contrast to the situation 
after pre-illumination, an ample supply of respira- 
tory substrates and oxygen, the combination 
providing sufficient energy for the reduction of 
phosphoglyceric acid and further transformations. 
Therefore, when the light is turned off phospho- 
glyceric acid will be converted into other sub- 
stances and the labile precursor will be trans- 
formed into phosphoglyceric acid and thence 
into other substances. After only 10 seconds of 
photosynthesis, the precursor should have a 
higher specific activity than the reservoir of 
phosphoglyceric acid so that its transformation 
may increase the total counts in phosphoglyceric 
acid although the percentage of total fixed tracer 
represented by phosphoglyceric acid and even 
the amount of this compound may decrease. 


CONCLUSIONS 


The following facts must be included in any 
mechanism of photosynthesis: phosphoglyceric 
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acid is an intermediate made in response to light 
and reduced by light; phosphopyruvic acid does 
not precede phosphoglyceric acid in the photo- 
synthetic process; there is a labile precursor to 
phosphoglyceric acid, formed by the addition of 
carbon dioxide to an acceptor; the amount of this 
precursor is dependent upon the rate of photo- 
synthesis (light intensity); phosphoglyceric acid 
approaches tracer saturation after a few minutes 
of photosynthesis; there is no long-lived photo- 
chemically produced, general reducing power. In 
addition there is evidence that suggests that only 
one acceptor for carbon dioxide is directly in- 
volved in photosynthesis. 

The rapid appearance of tiacer in the alpha 
and beta carbons of phosphoglyceric acid suggests 
that the 2-carbon acceptor is made by a cyclic 
process from phosphoglyceric acid. The distri- 
bution of tracer fixed during short periods of 
photosynthesis indicates that none of the cycles 
involved in respiration or fermentation can serve. 


FATS, TRICARBOXYLIC ACID CYCLE, ETC. <—————- Phosphopyruvic Acid 
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Cp + CO,===CC,(CO,)3 SirpoannPhosphogiyceric Acid 
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Fig. 5. Scuematic cycie for photosynthesis 


If we ask what the minimum requirements are 
for a cycle which does not contradict the known 
chemical and kinetic facts of photosynthesis, we 
find that such a simple one as that shown in 
figure 5 is satisfactory. Phosphoglyceric acid is, 
of course, the cornerstone of any such cycle. Since 
phosphopyruvic acid apparently cannot precede 
phosphoglyceric acid, it may be left out of the 
cycle and used only as a link to the cycles of 
normal dark metabolism. If we accept the conclu- 
sion that there is only one reductive carboxylation, 
we must assume a more or less direct transforma- 
tion of one hexose into three 2-carbon acceptors. 
There is a report in the literature (10) that 
glycolaldehyde can be condensed to hexose by 
animal tissues. Perhaps the plant can reverse 
such a reaction and establish an equilibrium 
between special forms of glycolaldehyde and 
hexose. 

The cycle shown in figure 5 is admittedly only 
a skeleton but it may be helpful if it emphasizes 
that the attempt to fit every compound in which 
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tracer appears during photosynthesis into the 
photosynthetic cycle may lead one far afield. 
Even the lipids (11) contain a significant amount _ they are directly involved in photosynthesis. 
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of tracer after only 40 seconds of photosynthetic 
fixation, yet no one would seriously suggest that 
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HYDROGENASE ACTIVITY AND PHOTOASSIMILATION 
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From the Department of Radiology, Washington University Medical School 


ST. LOUIS, MISSOURI 


‘Te UNIQUE ASPECTS of photosynthesis appear 
to derive from photo-activation and transfer of 
electrons involving the water molecule as ultimate 
source. It is assumed that the immediate result 
of the photochemical reaction is the production 
of two kinds of reaction systems. One presumably 
operates at a high oxidation level and catalyzes 
oxidation reactions which may be coupled ener- 
getically to biosynthesis. The other is assumed to 
operate at ‘a low oxidation level supplying hy- 
drogen for reduction of CO:, the various inter- 
mediates in the CO, fixation cycle, and organic 
fragments involved in assimilation and synthesis. 

Although little is known about the oxidizing 
components, it is possible to prepare relatively 
stable cell-free chloroplast homogenates which 
exhibit the partial reaction involving the photo- 
chemical production of oxygen, so that consider- 
able optimism is warranted regarding the eventual 
elucidation of this fraction of the oxidizing sys- 
tems. In the anaerobic photosyntheses carried on 
by bacteria, formation of oxygen is not observed 
because the oxidizing systems appear to use as 
substrates not water but an exogenous hydrogen 
donor. There appear to be no recorded attempts 
to ascertain whether extracts from photosynthetic 
bacteria can produce oxygen photochemically. 

About the reduction systems even less is known 
than about the oxidation systems. It may be 
supposed that promising test systems are those 
organisms which carry on photosynthesis best in 
relatively strong reducing environments, i.e. the 
anaerobic photosynthetic bacteria. In this con- 
nection some recent developments in research on 
the metabolism of these bacteria appear suffi- 
ciently provocative to warrant presentation. 

The organisms studied are representatives of 
the non-sulfur purple bacteria (Athiorhodaceae) 
which can grow photosynthetically only if sup- 
plied with an exogenous hydrogen donor, usually 
a single organic molecule, although molecular 
hydrogen itself can be utilized. The metabolic 
patterns involved have been most recently re- 


viewed and systematized in a monograph by C. 
B. van Niel (1). 

The phenomenon which forms the basis for 
this discussion, the production of molecular hy- 
drogen as a characteristic product of anaerobic 
photoassimilation by growing or resting organ- 
isms on certain well-defined synthetic media, has 
come to the attention of investigators very re- 
cently, having been noted first by Dr. H. Gest in 
the summer of 1948 (2). The photoproduction of 
hydrogen in the presence of ample amounts of 
CO, appears to constitute the first clear cut 
demonstration of uncoupling of at least a part of 
the reducing system during photosynthesis. It 
will be convenient to describe and discuss this 
process first as it is observed to occur in the 
absence and then in the presence of exogenous N. 

Of the many organisms tested, only two will be 
considered. One belongs to the genus Rhodospiril- 
lum and is a strain (S-1) of the species rubrum 
(1), referred to hereafter simply as R'. The other 
is a strain recently discovered by J. M. Siegel (3) 
and assigned to the genus Rhodopseudomonas, 
species gelatinosa, which appears to possess the 
unusual ability to attack ketones as well as second- 
ary alcohols and which will be referred to as G. 

Photoproduction of Molecular Hydrogen in the 
Absence of Exogenous N. All species of the Athi- 
orhodaceae examined so far produce hydrogen 
when grown anaerobically under illumination in 
the presence of a simple medium consisting of a 
single organic substrate, mineral salts, carbonate 
and a trace of growth factor, such as biotin (2, 
4, 5). Resting cells produce hydrogen when sus- 
pended in a phosphate buffer and a single organic 
substrate. Typical data are shown in figure 1. The 
substrate specificity varies to some extent depend- 
ing upon the idiosyncrasies of the particular 
organism studied. As an example there is given in 
table 1 a comparison of some substrates and con- 


1 We are indebted to Prof. C. B. van Niel for 
supplying us with the original stock culture of 
R. rubrum (8-1). 
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Fig. 1. Photorpropuction of H: from succinate 
by Rhodopseudomonas gelatinosa (6). Seventy cu. 
mm. of washed cells suspended in 2 ml. of 0.05 m 
phosphate buffer (pH 6.7), 100% He; Curve A, 
5 mg. succinate added at zero time, no KOH, 
evolution of CO. + H:. Curve B, 5 mg. succinate 
added at zero time, 0.2 ml. of 10% KOH in center 
well, evolution of H:. Curve C, endogenous control, 
no KOH. Curve D, endogenous control, 0.2 ml. 
of 10% KOH in center well. 


TABLE 1. PHOTOPRODUCTION OF HYDROGEN IN 
RHODOSPIRILLUM RUBRUM (Ss-1) AND RHODO- 
PSEUDOMONAS GELATINOSA (NOV. SPEC.) IN AB- 
SENCE OF EXOGENOUS NITROGEN 








R GELA- 


SUBSTRATE RUBRUM! TINOSA 


CONDITIONS 





Endogenous 
Acetate no KOH 
KOH 
no KOH 
KOH 
no KOH 
KOH 
no KOH 
high HCO;- 
C-4 Dicarboxylic! | no KOH 

acids, acetoacetate | KOH 

and pyruvate | 
Succinate | no KOH 

| KOH 


Fatty acids, (C3, C,) 


Acetone 


b+1+++4+ 


Isopropanol, ethanol 





++ +441 











1 Malate, fumarate, oxalacetate. 


ditions for photoproduction of H: in R and G. It 
can be seen that evolution of molecular hydrogen 
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is associated with a considerable variety of sub- 
strates. 

Correlation between effectiveness of substrate 
for hydrogen production and production of CO, 
during its metabolism can be established (6). 
Those substrates producing large quantities of 
CO, also produce Hz despite the presence of KOH 
as an absorber, whereas substrates producing 
little CO. may not produce H, when KOH is 
present. This is particularly true with G which 
shows a relatively high light-stimulated endoge- 


1600r 
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TIPPED 
MALATE 








3 4 5 6 
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Fig. 2. EFFECT OF DEPLETION of endogenous re- 
serves on photoproduction of H: from malate by 
Rhodopseudomonas gelatinosa (6). Seventy cu. mm. 
of washed cells suspended in 2 ml. of 0.05 m phos- 
phate buffer (pH 6.7); 100% He. Curve A, 5 mg. 
of pL-malate added at zero time, no KOH, evolu- 
tion of CO: + H:. Curve B, 5 mg. of pL-malate 
added at zero time, 0.2 ml. 10% KOH in center 
well, evolution of Hz. Curve C, 5 mg. of pt-malate 
added at 4.5 hours, no KOH. Curve D, 5 mg. of 
DL-malate added at 4.5 hours, 0.2 ml. 10% KOH in 
center well. 


nous production of CO, (figs. 1, 2). Quanti- 
tatively, it can be shown that the yield of photo- 
hydrogen is 60 per cent less when acetate is 
metabolized in the presence of KOH as a CO: 
absorber, compared to the yield with no KOH 
present (6). Absorption of CO. by KOH lowers 
the yield of photohydrogen 20 per cent with 
malate as substrate but does not affect the yield 
at all with oxalacetate as substrate (6). It may be 
remarked that the relative rates at which amounts 
of CO, are produced metabolically are in the 
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order oxalacetate > malate > acetate. The 
mechanisms for the CO, effect remain obscure. 

Another interesting feature of photohydrogen 
production in G is the dependence on active 
endogenous metabolism (fig. 2). This effect does 
not appear in the case of R. 

The nature of the gas phase is important in 
expression of hydrogenase activity. Only the 
noble gases (helium, argon) are truly inert and, 
hence, utilizable. Molecular hydrogen does not 
affect photohydrogen production but its presence 
makes impossible identification of evolved gas by 
specific absorbers. The fact that hydrogen fails 
to suppress hydrogen production is in direct 
contrast to the typical behavior of fermentative 
hydrogenase systems (7). Oxygen in concentra- 
tions as high as 2 per cent does not interfere (5) 
but potentially it can be involved in an oxy- 
hydrogen reaction as well as in respiration even 
though the latter process is apparently inhibited 
by light (8). Nitrogen gas exerts the most striking 
effect, namely, a complete inhibition of photo- 
hydrogen production (5). This will be discussed 
at more length in a later section. 

The overall metabolism of the Athiorhodaceae 
resulting in the photosynthetic production of 
hydrogen is very much modified from what may 
be considered the conventional pattern (1) as 
exemplified by the general formulation: 


hy 


(CH.0) + 2A + HO 


(‘A’ is used to designate an organic or 
inorganic residue.) 


Thus, if one considers malate as a typical sub- 
strate producing cell material at the oxidation 
level of carbohydrate, one obtains 


()  C.H.O, 5 (CHO); + CO, 


as a special case of equation 1. Hydrogen is 
produced from malate according to the reaction, 


(3) CHO, + H.0 4% 


(CH.0)2 + 2CO. + 2H: 


This equation as written does not mean that 
assimilation of malate carbon actually occurs in 
resting cell suspensions. It is only meant to 
imply that an organic residuum is formed at or 
close to the oxidation level of carbohydrate. 

The net effect can be described as activation of 
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a hydrogenase system with a concomitant in- 
hibition of at least CO, assimilation. This result 
is the more unexpected because these organisms 
ordinarily effect a rapid reduction of CO, if 
supplied with molecular hydrogen as hydrogen 
donor. 

This effect of the organic substrate in repressing 
hydrogen utilization and CO, reduction can be 
easily accommodated in the present schemes for 
the photometabolism of these bacteria as elabo- 
rated by van Niel (8), Gaffron (9) and others. 
Thus, it can be supposed that the primary reduc- 
ing system HX is produced in equimolar amounts 
with an oxidizing system YOH by enzyme cata- 
lyzed photodegradation of water, i.e. 

(4) HOH +X+Y —__, wx + YOH 
ENZ 

Photochemical oxidation of the organic sub- 
strate as a follow reaction will remove YOH but 
not HX. If the fragments derived from the 
organic material are available for assimilation 
neither the assimilation of CO, nor the function- 
ing of a CO, fixation cycle remain obligatory, and 
utilization of HX need not occur. Under these 
conditions the excess HX can serve as substrate 
for a hydrogenase system whereby it is removed 
as molecular hydrogen, i.e. 

hy 


4HOH + 4X + 4Y ——> 
4HX + 4YOH 
C.H.O; + 4YOH —— 
(CH.0).2 + 2CO. + 3H.0 + 4Y 
4HX —— 2H, + 4X 


(4a) 


(4b) 


(4c) 


This system of equations is but one of an 
infinite number which can be written to satisfy 
the overall equation 3. Information on the quan- 
tum yield for photohydrogen production in R 
might settle the question of how many water 
molecules are actually involved in this process. 

Preliminary data derived from a number of 
experiments support the notion that direct as- 
similation of the organic substrate, or fragments 
derived therefrom, can occur without participa- 
tion in a CO; fixation cycle. Van Niel and Barker 
(10) noted that assimilation of C-14-labeled car- 
bonate by cultures of R grown with unlabeled 
acetate as substrate was considerably less than 
would be expected on the basis that all acetate 
carbon was assimilated via carbonate. It has 
been found in our laboratory (11) using methyl- 
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labeled acetate, that practically all the methyl 
carbon of acetate is assimilated as cellular carbon 
without a significant proportion of the labeled 
carbon appearing as carbonate. Experiments with 
carboxyl-labeled acetate have been performed by 
van Niel and Barker (12), as well as in our 
laboratory, and show considerably better equi- 
libration of labeled acetate carboxyl with car- 
bonate. This result would indicate that the two 
acetate carbons are not equivalent with regard to 
photoassimilation although they have been shown 
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Fig. 3. Errect of NH.Cl on photoproduction of 
H: and CO: from malate by Rhodospirillum rub- 
rum. Sixty cu. mm. of washed cells suspended in 
2 ml. of 0.05 m phosphate buffer (px 6.7), 100% He, 
5 mg. DL-malate added at zero time, one mg. NH.Cl 
added at times indicated by arrows on curves C 
and D. Curves B and D, 0.2 ml. of 10% KOH in 
center well, evolution of He. Curves A and C, 
no KOH, evolution of CO: + H:. Curves A and 
B are the controls in which no NH.C! was added. 


to be equivalent with regard to oxidation during 
dark respiration of labeled acetate (10-12). This 
in turn would support the notion that little or no 
cycling involving CO, occurs during light assimi- 
lation of organic material. 

It may be remarked that the experiments on 
light oxidation are complicated by the fact that 
so little acetate escapes assimilation. Experi- 
ments with labeled substrates more amenable 
than acetate in this respect (i.e. labeled malate, 
fumarate, succinate, etc.) are contemplated. In 
addition experiments are planned to investigate 
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the ratio of labeled carbon in cells and evolved 
carbonate as a function not only of labeling posi- 


tion but also time and intensity of illumination. 


Obviously, it is of fundamental importance to 
establish whether the fragments derived from 
photometabolism of the organic substrate are 
identical or in equilibrium with the endogenous 
C; compounds involved in the CO, fixation cycle. 
It is evident that no cycle need be involved in 
photoassimilation particularly if an active hy- 
drogenase is present to remove reducing sub- 
stances necessary for maintenance of a cycle 
under conditions required for photoassimilation. 
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Fig. 4. ComBINED EFFECTS of N; and NH.Cl on 
photoproduction of H: and CO: from malate by 
Rhodospirillum rubrum. Sixty cu. mm. of washed 
cells suspended in 2 ml. of 0.05 m phosphate buffer 
(pH 6.7); 5 mg. of pL-malate added at zero time; 
one mg. NH.Cl added at times indicated by ar- 
rows. Curve A, 100% He until 2.5 hours, then re- 
placed with 100% N:. Curve B, 100% N: until 2.5 
hours; then replaced with 100% He. 


In terms of the demonstration that entry of 
CO, occurs only at a point involving production 
of glyceric acid phosphate (see other papers in 
this Symposium) the photo-oxidation of exoge- 
nous hydrogen donors could be imagined as 
resulting in direct formation of a C, compound 
which is closely related to, if not identical with 
glyceric acid phosphate, and which is assimilated 
directly. Thereby CO, fixation can be bypassed, 
and perhaps even turnover via the CO, cycle 
suppressed. 

Photometabolism and Hydrogenase Activity in 
the Presence of Exogenous N. The photoproduction 
of hydrogen is completely inhibited when molecu- 
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lar nitrogen or ammonium salts are present (fig. 
3-5). On the other hand certain amino acids, i.e. 
glutamic acid, aspartic acid, alanine and glycine 
do not suppress photohydrogen evolution (2, 5, 
13). In fact initial experiments in which 
growth was observed concomitant with hydrogen 
production involved glutamate or aspartate as 
nitrogen sources. Amino acids which inhibit 
photohydrogen evolution, i.e. lysine, serine, ap- 
pear to do so via deamination to free ammonia 
(13). It may be remarked that no species differ- 
ences appear to exist as regards nitrogen and 
ammonia effects on photohydrogen production. 

If R is suspended in the usual photohydrogen- 
evoking medium to which ammonia is added, it 
is found that ammonia is removed by the organ- 
isms (13). After complete removal of ammonia 
(<1-2 y/ml.) photohydrogen production com- 
mences provided substrate is still present. The 
time required for inception of hydrogen produc- 
tion is roughly proportional to the amount of 
ammonia present. Ammonia differs from molecu- 
lar nitrogen in that it also suppresses CO, produc- 
tion from malate as substrate (fig. 3) unless N: 
is the gas phase (fig. 4). On the other hand photo- 
utilization of molecular hydrogen with carbonate 
as substrate is not inhibited either by ammonia or 
nitrogen. Photo-utilization of molecular hydrogen 
has been observed with pyruvate or oxalacetate 
as substrates, but not with malate (6, 13). Studies 
on coupling of ammonia uptake with hydrogen 
uptake in the light in the presence of a variety 
of substrates are now being undertaken. ; 

Before elaborating data available on the rela- 
tion between nitrogen metabolism, photoassimila- 
tion, and photohydrogen production, it should be 
stated that R is now known to be a nitrogen-fixer 
(14, 5) as indeed appears to be the case for all the 
photosynthetic bacteria (15). This fact introduces 
what may be regarded, on the one hand, as an 
unexpected complication and, on the other hand, 
as an opportunity to study the coupling of 
nitrogen fixation to photosynthesis in organisms 
easy to culture and susceptible to a large variety 
of manipulations. 

The results on inhibition of photohydrogen 
production by molecular nitrogen and free am- 
monia elosely parallel previous studies of Wilson 
and his colleagues on the production of hy- 
drogenase in the free-living nitrogen-fixing Azoto- 
bacter (16, 17). Thus glutamate and aspartate 
which fail to affect production of hydrogenase in 
Azotobacter also do not suppress photohydrogen 
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production in R. Hydrogenase activity, insofar as 
hydrogen uptake is concerned, is not repressed by 
nitrogen or ammonia either in Azotobacter or in R. 
Furthermore ammonia which inhibits hydro- 
genase production in Azotobacter also inhibits 
photohydrogen production in R. 

The one unique observation peculiar to the 
photosynthetic bacteria is that molecular nitrogen 
like ammonia inhibits photohydrogen production, 
whereas unlike ammonia it does not affect hydro- 
genase production in Azotobacter. 
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Fig. 5. Errect of NH.Cl on photoproduction of 
H: and CO: from acetate by Rhodopseudomonas 
gelatinosa. Seventy cu. mm. of washed cells sus- 
pended in 2 ml. of 0.05 m phosphate buffer (pH 6.7) ; 
100% He; 2.5 mg. sodium acetate added at zero 
time except Curves C and F. Curve A, control, no 
KOH, evolution of CO: + H:. Curve B, control, 
0.2 ml. KOH in center well, evolution of H:. 
Curve D, one mg. NH.Cl added at 1.5 hours, no 
KOH. Curve E, one mg. NH.Cl added at 4.25 
hours, 0.2 ml. KOH in center well. Curve C, en- 
dogenous control, no KOH. Curve F, endogenous 
control, no KOH, one mg. NH.ClI added at zero 
time. 


Another interesting difference between the hy- 
drogen-producing hydrogenase in R and hydro- 
genase in another anaerobic nitrogen-fixing but 
non-photosynthetic organism, Clostridium kluy- 
vert (18), is that hydrogenase in the latter organ- 
ism is not affected by molecular nitrogen (19). 

From the standpoint of photosynthesis, it 
should be recalled that the effect of ammonia and 
other forms of combined nitrogen in altering the 
reduction level of assimilated material in green 
algae has been known for some time and most 
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recently reviewed by Spoehr and Milner (20) and 
by Myers (21). It is evident from the present 
studies that both molecular nitrogen and am- 
monia affect a return to the conventional type 
of metabolism described by equation 2. Thus, 
molecular N and ammonia appear to inactivate 
the hydrogenase concerned with light stimulated 
hydrogen production in the absence of exogenous 
N, although they have no effect on the hydro- 
genase involved in light stimulated uptake of 
hydrogen. 

At present these observations can be under- 
stood on the basis of a number of hypotheses. 
First, it may be assumed that the hydrogenase 
systems involved in H, uptake differ from those 
involved in hydrogen evolution, and that molecu- 
lar nitrogen is a specific inhibitor of the hydrogen- 
evolving enzyme systems. As a second hypothesis 
one might postulate a single hydrogenase system 
in competition with dehydrogenase systems for 
the photosynthetically-produced reducing sub- 
strate, HX. Addition of ammonia could activate 
and accelerate the dehydrogenase reactions by 
initiating processes like reductive amination and 
thus allow the dehydrogenases to compete suc- 
cessfully with the hydrogenases. Hence, repres- 
sion of hydrogen production would be an indirect 
rather than direct result of the addition of 
ammonia. 

The remarkable effect of molecular nitrogen 
appears to require activation of nitrogenase which 
in some way results in simultaneous activation of 
the dehydrogenases which are thereby enabled 
to compete successfully with the hydrogenase 
systems. The possibility of a direct reaction 
between molecular nitrogen and hydrogen or 
between molecular nitrogen and HX is not ex- 
cluded, but available manometric data do not 
show either the uptake of nitrogen or the output 
of CO, to be expected on this basis (6). 

It seems pertinent to note at this point that a 
hydrogenase activity leading to photohydrogen 
production was noted by Gaffron and Rubin (22) 
some time ago as a weak endogenous effect in the 
green alga, Scenedesmus, after anaerobic adapta- 
tion. This effect was best observed in the absence 
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of CO, or in the presence of dinitrophenol, was 
not dependent on external substrates, but most 
important, was not inhibited by molecular nitro- 
gen and inhibited by molecular hydrogen. The 
absence of the nitrogen inhibition for this hydro- 
genase is apparently related to the fact that the 
green algae, although possessing a hydrogenase 
system, do not fix nitrogen. It would appear to be 
of interest to extend these researches to other 
photosynthetic organisms which are known to 
contain a nitrogen-fixing system, such as certain 
of the blue-green algae (23, 24). 

Prognosis for Analysis of Partial Reactions. 
Future progress in elucidating phenomena de- 
scribed in this paper depends largely on success in 
preparing cell-free extracts in which partial re- 
actions involving light stimulated hydrogen 
transfer can be demonstrated. Cell-free prepa- 
rations in which photohydrogen production is 
sensitive to nitrogen also are required. It is not 
difficult to obtain active dehydrogenase prepa- 
rations from photosynthetic bacteria which are 
active in the oxidation or reduction of substrates 
like oxalacetate (25, 26) succinate (26) fumarate 
(26) and malate (26). An active and stable 
hydrogenase which accomplishes the classical 
reduction of methylene blue with molecular hy- 
drogen can easily be prepared (27, 26). Cell-free 
juices of R have been prepared which in the 
presence of succinate show an uptake of oxygen 
which is reduced in magnitude by illumination 
(26). The small uptakes observed so far obviate 
attempts to specify whether this effect results 
from actual photohydrogen production or from 
competition between molecular oxygen and the 
photochemical oxidizing substance. Preparation 
of cell-free juices from the photosynthetic bacteria 
which exhibit light-stimulated hydrogen evolu- 
tion or hydrogen uptake would go far to open up 
the photosynthetic proton transfer systems for 
investigations of the type which have already 
yielded so much information concerning biological 
oxidation in nonphotosynthetic systems. In addi- 
tion, further studies are urgently needed to 
supplement those reported to date (28, 29) on the 
nature of the hydrogenase enzymes. 
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DISCUSSION PANEL 


Fritz LipMann 


From the Massachusetts General Hospital 


BOSTON, MASSACHUSETTS 


Te FOLLOWING DISCUSSION will center mainly 
around suggestions of mechanisms for the 2-1 
condensation which evidently is a key reaction in 
photosynthesis. The photo-reductive accumula- 
tion of carboxyl-labeled phosphoglycerate leaves 
little doubt that we are dealing here with one or 
another kind of reductive carboxylation, a re- 
action with which I have had some experience in 
isolated enzyme systems (1). The only known 
family of reactions, representing this type is the 
reversal of the phosphoroclastic split of an a-keto 
acid (2-6). Thus, the synthesis of pyruvate from 
acetyl phosphate, hydrogen and COz in Clostridium 
butylicum (5) or from acetyl phosphate and 
formate in E. coli, (cf. also 8), are fairly well 
understood reactions. Since formate appears so 
far to be non-reactive in photosynthetic systems, 
it is important to realize that in Clostridium 
butylicum, formate seems well excluded as an 
intermediary (3). A direct condensation of acetyl 


precursor, of hydrogen and CO, to pyruvate 
appears therefore enzymatically feasibie: 


Scheme 1 (Cf. also table 7 in (1)) 


Such a scheme fitted very well with, and indeed 
was essentially included in, the early schemes of 
the Calvin group. Recently, however, glycerate, 
or, more specifically, phospho-2-glycerate, instead 
of pyruvate, is greatly favored as the primary 
condensation product. In view of previous occa- 
sions where enzymatically established schemes 
were temporarily abandoned for similar con- 
sideration, we may be somewhat cautious in 
venturing too far into the unknown. If neverthe- 
less, we attempt to construct a mechanism 
yielding primarily phospho-2-glyceric acid, we 
may still try as much as possible to stay within 
known territory. 

Now, Calvin and his group reported glycolate 
to be a compound which becomes labelled with 
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radioactive CO, at an early stage. The possibility 
appears, then, that glycolyl phosphate, similar to 
acetyl phosphate in Scheme 1, is reductively 
carboxylated with photo-hydrogen to hydroxy- 
pyruvic acid: 


ScHEeME 1 
CH;-COOH + ~px + CO, + 2H 
CH;-CO-COOH + ~px# 
CH: :COpx: COOH 
CH,Opx:CHOH-COOH + ~px + 2H 
CH:.Opx: CHOH-CHO 





overall: 
CH;COOH + CO, + 3~pH + 4H > 
CH.Opx:CHOH-CHO 


Scheme 2 


With reduction of glycolyl phosphate + CO., 
the primary reduction product actually would 
be the unstable addition product of phosphate 
to the carbonyl of hydroxypyruvate. It is rather 
attractive to imagine the possibility of an imme- 
diately succeeding reductive phosphorylation 
leading directly to phospho-2-glyceric acid. The 
energy for the phosphorylation could, probably 
rather easily, be derived through the coupling 
with the hydrogen transfer. It would be a handy 
reaction to save energy-rich phosphate bonds, 
but, although seemingly feasible, there are no 
actual indications for its occurrence. 

One fact seems now to stand out rather clearly, 
namely that, whatever may be the true mecha- 
nism, it evidently involves a sequence of alternat- 
ing steps of phosphorylation and of hydrogena- 
tion. It seems, then, rather timely to ask about 
the source of these phosphate bonds. In some 
manner, they must be derived from light energy; 
most likely, as in respiration through some trans- 
former system (9), converting hydrogen potential 


FEDERATION PROCEEDINGS 





Volume 9 


into phosphate bonds. It seems worthy of con- 
sideration, for example, that a certain fraction of 
photo-hydrogens may rejoin oxygen. The oxy- 
hydrogen reaction, comparable to respiration, 
can, for each pair of hydrogens, generate at least 
3 energy-rich phosphate bonds. 


ScHEME 2 
CH.0H-COOH + ~px + CO, + 2H 
CH.OH-C(OH)Opx-COOH + 2H 
CH.OH-CHOpx- COOH 
CH,Opx-CHOH-COOH + ~px + 2H 

| CH.Opx-CHOH-CHO 


overall: 
CH.OH-COOH + CO, + 2~puH + 6H > 
CH.OpxH:CHOH-CHO 





It also may be possible that phosphate bonds 
are formed from excess energy during hydrogen 
transfer. If, for example, oxaloacetate, fumarate, 
and succinate are hydrogenated by photo-hydro- 
gens, which come up from a rather low potential 
level, such reactions would probably leave some 
space for the formation of phosphate bonds. In 
any case, it seems now that for every fixed CO, 
approximately one phosphate bond may be 
needed. This corresponds to 12 per cent of the 
total available energy. Although a relatively small 
fraction, it appears large enough to exclude, 
almost with certainty, a formation outside the 
photosynthetic reaction complex. 

Returning once more to the question of the 
primary product of the 2-1 condensation, if 
feasible, it would be of considerable value to 
determine if the fixation of phosphate in phospho- 
glycerate occurs prior, during, or after the fixation 
of the carbon dioxide. An understanding of the 
time relationship could easily exclude or imple- 
ment such mechanisms, as have been suggested. 
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SEVERO OcHOA 


From New York University 


NEW YORK CITY 


Ve IDEA that photosynthesis operates through 
a cycle involving carboxylation of a C, to a C; 
compound, followed by carboxylation of some of 
the C; to a C, compound and splitting of the 
latter to yield 2 molecules of the C, intermediate, 
is well supported by the work of Calvin and 
Benson. That photosynthesis might essentially 
involve reversal of a respiratory cycle was sug- 
gested by us several years ago (1), The failure to 
find C, and Cg polycarboxylic acids is in line with 
recent work which indicates limited reversibility 
of the C, + C, condensation of the tricarboxylic 
cycle. Synthesis of tricarboxylic acids would thus 
lead into a blind alley and would not be expected 
to be in the main path of photosynthesis. 

The occurrence of C, + C, and C; + C, CO.- 
fixation reactions is well established by work on 
heterotrophic cells and enzyme systems there- 
from. However, the results of Calvin and Benson 
and those of Gaffron and Fager still leave the de- 
tailed path of carbon in photosynthesis open 
to conjecture and speculation. 

By itself, the fact that phosphoglyceric acid 


_ (PGA) accumulates as an early product of photo- 


synthesis, and contains a relatively large propor- 
tion of the assimilated radioactive carbon dioxide, 
does not mean that PGA is one of the inter- 
mediates in the cycle. It may be a product which 
is being formed outside the cycle in the path 
toward triose and hexose (Scheme 1). The cycle 
intermediates need be present only in catalytic 
amounts and may not be detectable during very 
short periods of photosynthesis. 

As I see it, the question centers around the 
issue whether phosphopyruvic acid is a precursor 
of PGA or whether it arises from PGA. If it can 
be clearly established that during short periods of 
photosynthesis the ratio phosphopyruvic acid/ 
PGA is well below that expected from the enolase 
equilibrium, the possibility that PGA precedes 
phosphopyruvic acid may have to be seriously 
considered. 

Calyin had earlier favored a cycle as shown in 
Scheme 1. Such a cycle is the reversal of the old 
Thunberg-Wieland respiratory cycle. Calvin has 
now replaced this cycle by a different one. I 
should like to point out that one of the objections 
to the Thunberg-Wieland cycle, namely the lack 


of evidence for the reductive cleavage of succinate 
to yield 2 acetates, may no longer be an obstacle. 
Foster and Carson have recently reported that 
an oxidative condensation of 2 acetates to suc- 
cinate i.e. the reversal of the reductive split 
appears to occur in some molds (2). 


pyruv. — P-pyruv. — 2PGA — 3PGA — 


(Cs) triose-P —> hexose-P 

pyruv. +CO, 

(C3) +2H 
+2CO, malate 
+4H (C,) 

—H:.0 
2 acetate +4H 
(C2) 
ScHEME 1 


Should it be definitely proved that PGA pre- 
cedes phosphopyruvic acid and is an intermediate 
in a photosynthesis cycle, the Thunberg-Wieland 
cycle would, of course, not represent the exact 





triose-P P-pyruv. ———> pyruv. 
T 
+CO, 
sr +2H 
T | 
PGA «+— 2 glycerate malate 
+4H | +H:0 
2 OH-pyruv. <— 2 glycol. 
+2C0: 
4H +H 
H. + CO. —— formate —— glyoxyl. 
+2C0; 
+2H 
ScHEME 2 


course of events. As a basis for discussion I 
should like to present one alternative to both the 
Thunberg-Wieland cycle and the one now pro- 


posed by Calvin. 





In Scheme 2 it is assumed that malic acid can 
split to yield 2 molecules of glycolic acid and that 
the latter is the C. intermediate. Reductive 
carboxylation of glycolic to hydroxypyruvie acid 
would be more in line with known facts (i.e. the 
reductive carboxylation of acetic to pyruvic acid) 
than the carboxylation of vinyl phosphate postu- 
lated by Calvin, a type of reaction for which there 
is no biological precedent. 

An advantage of glycolic acid as the C, inter- 
mediate is that it might be generated by the 
series of reactions at the bottom of Scheme 2. 
Burris and his collaborators (3) have recently 
isolated from tobacco leaves an enzyme which 
catalyzes the oxidation of glycolic to glyoxylic 
acid and the oxidative decarboxylation of the 
latter to formic acid and CO,. If such reactions 
were reversible the system might play an im- 
portant part in photosynthesis as an alternative 
mechanism of generation of the C, intermediate. 
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figures at the right of each curve give the amount 
of malate (and fumarate) found at the end of 
incubation. The dicarboxylic acids were deter- 
mined by a specific enzymatic method. It will be 
seen that even with 5 per cent CO, there is an 
appreciable rate of synthesis of dicarboxylic acid, 
amounting in 3 hours to about 4 to 5 per cent of 
the pyruvate initially present. 

While in the above system hydrogens and 
energy for reductive carboxylation are furnished 
by hexose monophosphate, it is conceivable that 
the photolytic cleavage of water may couple in a 
similar way in photosynthesis. The occurrence of 
such a coupling is indicated by experiments of 
Larsen in van Niel’s laboratory (6). Green photo- 
synthetic bacteria were found to synthesize suc- 
cinic acid from CO, and 3-carbon compounds 
when illuminated. Radioactive CO, was incor- 
porated in the carboxyl groups of succinate. 

It should be pointed out that the reductive 


Glucose-6-phosphate + TPN,x —— 6-phosphogluconate + TPNrea 


(Mn**) 


Pyruvate + CO. + TPNrea ———— l[-malate + TPNox 





(Mn**, TPN) 





Sum: Glucose-6-phosphate + pyruvate + CO, 


— 6-phosphogluconate + Jl-malate 


ScHEME 3 


For the C; + C, carboxylation reaction I 
favor the reductive carboxylation of pyruvate to 
malate. An enzyme (‘malic’ enzyme) isolated 
from animal tissues in our laboratory (4), and 
from a number of plant tissues by Vennesland 
and her associates (5), has been shown to catalyze 
a net synthesis of malate from pyruvate and CO, 
when coupled with suitable hydrogen donor sys- 
tems. Oxalacetate is not an intermediate in this 
synthesis. This is the most effective of the known 
isolated systems of CO, fixation. The reactions 
occurring when pyruvate, CO:, and glucose-6- 
phosphate are incubated with ‘malic’ enzyme and 
glucose-6-phosphate dehydrogenase, in the pres- 
ence of Mn*+ and TPN, are shown in Scheme 8. 
The course of the over-all reaction can be followed 
manometrically when it takes place in a bicar- 
bonate-containing medium. While the absorption 
of CO, is balanced by the formation of the second 
carboxyl of malate which displaces a CO, equiva- 
lent from the bicarbonate, the new carboxyl of 
phosphogluconic acid displaces a CO, equivalent 
resulting in increased pressure. 

Figure 1 illustrates the rate of malate synthesis 
by this system at various tensions of CO.. The 


carboxylation of malate does not involve ex- 
penditure of phosphate bond energy. In a cycle 
such as in scheme 1 or 2 such expenditure would 
be required only for the reductive carboxylation 
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MINUTES 


Fic. 1. 100 um of glucose-6-phosphate, 100 uM 
of pyruvate, 0.27 um of TPN, and 2 um of MnCx 
were incubated at 25° with glucose-6-phosphate 
dehydrogenase and purified ‘malic’ enzyme of 
pigeon liver. Sufficient NaHCO; was present in 
each sample to give pH 7 when equilibrated with 
the various CO.-N2 gas mixtures. 
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of acetic or glycolic acid. The synthesis of one 
molecule of hexose would require 4 energy-rich 
phosphate bonds. Since the oxidation of one 
hexose to CO, + H.O can generate as many as 36 
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such bonds (7), it seems that oxidation of a small 
fraction of the hexose generated by photo- 
synthesis would meet the energy-rich phosphate 
bond requirements of the process. 
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P HOTOSYNTHESIS is a subject which has never 
lacked for divergence of opinion and ideas. One is 
reminded of the different parties in politics; all 
parties are firm in their convictions that their 
platform is the solution but no party has the 
facts to prove the point. Sometimes as in politics 
the platform is subject to rapid change. It is 
therefore gratifying to observe that the present 
speakers have established some important facts 
about which they are in substantial agreement. 
My own prejudices have brought me into the 
party that proposes that photosynthesis may not 
be unique in its mechanism of utilizing COs. 
Obviously some phase of the light reaction is 
unique as compared to animal metabolism but 
the possibility that photosynthesis may involve 
some of the reactions which have been studied in 
fixation of CO. by bacteria and animals is at- 
tractive to me. 

It was logical, therefore, to study the fixation of 
CO, in sugars during photosynthesis and to com- 
pare the results with fixation in sugars by animals. 
It was found, as Dr. Calvin has explained, that 
the fixed carbon first appeared in the 3 and 4 
carbons and then appeared down the length of 
the chain from the 2,5 to the 1,6 carbons as the 
time of exposure was increased. The rapid fixation 
in the 3,4 positions is remindful of results obtained 
with animals, and suggests that photosynthetic 


fixation may occur in part by a mechanism simi- 
lar to that occurring in animals. There has been 
an inclination by some investigators to believe 
that this fixation might be a manifestation of 
fixation by respiration rather than photo- 
synthesis. Dr. Burr and I, on several occasions 
during the last few years, have studied the 
problem and, like the California group, have 
found that light greatly stimulates the fixation in 
the 3 and 4 positions as compared to dark fixation. 
On this basis there seems to be no reason to 
believe that this represents a non-photosynthetic 
respiratory fixation. In our experiments with 
sugar cane, rye and beans, fixation usually has 
been most rapid in the 3 ,4 positions but there has 
been considerable variability in the distribution, 
particularly in the 2,5 and 1,6 positions. In some 
experiments the 2,5 positions have had a some- 
what higher isotope concentration than the 1,6 
but in most experiments the concentration in the 
2,5 and 1,6 positions has been equal. Calvin and 
his group have from time to time presented 
schemes which lead to a distribution 3,4 > 
2,5 > 1,6 but in view of the frequent observation 
of a distribution in which 1,6 = 2,5 and the 
general variability of the results, it now seems 
probable that no rigid single sequence of reactions 
is indicated. 

As noted, a central theme of many of the parties 
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of photosynthesis seems to be that the primary 
utilization of CO. in photosynthesis is via a 
unique reaction (or at most by a very few) and 
that this reaction funnels all fixed CO, into sugar 
derivatives from which other products of the 
plant are made. On the other hand the more one 
learns about animal metabolism the more one is 
impressed with the possibility that CO. may enter 
into many reactions. In animals CO, is fixed not 
only in intermediate compounds of carbohydrate 
metabolism but in purines and pyrimidines and 
the fixation in carbohydrate intermediates occurs 
by several different reactions. In addition there 
probably are undiscovered fixation reactions in 
amino acids and other compounds. Furthermore 
there appear to be several reactions in animals in 
which formate, formaldehyde or some other one- 
carbon fragments is used in synthesis. These one- 
carbon fragments may be produced from CO, in 
plants. One wonders if the plant fails to take 
advantage of these many CO.-fixing reactions in 
photosynthesis and until conclusive evidence to 
the contrary is obtained, it is likely that some 
people will continue to propose that the unique 
part of photosynthesis relates to production of 
hydrogen donors but not to the dark reactions 
involving CO». 

The radioactive tracer technique as applied in 
photosynthesis is, as we have seen from the 
present reports, a very powerful tool and Calvin 
and Bensen, and Fager and Gaffron are to be 
congratulated on the skillful technique used, and 
the important results that they have obtained. 
The use of paper chromatograms and radio- 
autographs has without question led and will 
lead to further important discoveries. As I listened 
to these presentations, I noted that there was 
little discussion of the underlying assumptions 
that have been made in interpreting these results 
in terms of the mechanism of photosynthesis. 
In common with all experiments of biochemistry, 
there are assumptions made and since the re- 
liability of the conclusions reached depends to a 
large measure on the validity of the assumptions 
it is well for those not familiar with the technique 
that some discussion be devoted to the assump- 
tions. 

In essence the experiments attempt to detect 
the first product of photosynthesis, and from this 
product and those formed rapidly thereafter, to 
reconstruct the acts by which photosynthesis 
occurs. The compound in which the highest total 
counts accumulate as the exposure time is 
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shortened is presumed to be the first product of 
photosynthesis or to be but a step or two removed 
from it. This compound has now been found to be 
phosphoglyceric acid, both by the California and 
Chicago groups. It is apparent, of course, that this 
is not a unique product of photosynthesis, and the 
question is therefore presented as to the signifi- 
cance to be ascribed to this observation and 
other related findings of the short exposure tracer 
experiments. There are several points that should 
be considered in this respect. Among the most 
important are specific activity, pools and struc- 
tural make up of the cell. In a short exposure 
experiment, it is clear that the first product of 
photosynthesis should have the highest specific 
activity but not necessarily the highest total 
count. The difficulty is that the methods thus 
far used do not permit the determination of 
specific activity and the investigators are forced 
to use total counts as an indicator. Since the 
total count is dependent on both specific activity 
and amount, the size of the pool is of considerable 
consequence. Thus if the CO, passes in photo- 
synthesis through successive steps a ~ b +c —d 
etc. and if a, b, and ¢ occur in extremely small 
amount but d occurs in 100 times the quantity of 
a + b +c, d might be the first component in 
which any significant number of total counts 
would be found to accumulate. It is thus apparent 
that the total count is not a reliable indicator of 
the order in which formation of compounds from 
CO, occurred. The problem is somewhat com- 
parable to the situation that might occur if 
radioactive glucose was given to a yeast which 
was fermenting sugar rapidly to alcohol. Whether 
or not glucose-6-phosphate, which would pre- 
sumably be the first step on the path to alcohol, 
would give the most total counts remains doubt- 
ful. If the amount of the glucose-6-phosphate in 
the cell was extremely small, the total count 
which would accumulate in it might be very small. 
Whereas if triose phosphate occurred in larger 
amounts this might be the first step at which a 
significant total count would occur. Whereas the 
investigators are well aware of this uncertainty 
it seems desirable on an occasion such as this to 
restate the problem so that the casual reader 
may consider the results with a broad perspective. 

The problem of size of pools within the struc- 
tural components of the cell as compared to that 
of the cell as a whole also is an important factor 
in these studies. The problem may be brought 
into focus by considering the results with glu- 
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tamic acid. Calvin, Benson and their group have 
observed that there is considerable glutamic acid 
present in the extracts from the cell but the 
amount of isotope which accumulates in the glu- 
tamic acid is small. On this basis it has been con- 
cluded that carbohydrate precursors are not syn- 
thesized from CO, by reversal of the tricarboxylic 
acid cycle, it being considered that glutamate 
would be in equilibrium with a-ketoglutarate of 
the cycle. This conclusion of necessity is based 
on the assumptions that a-ketoglutarate (or some 
actual 5-carbon intermediate) as formed at the 
site of photosynthesis is in rapid equilibrium 
with glutamate from all parts of the cell. How- 
ever it is conceivable that a-ketoglutarate cf the 
plastids, which contain the chlorophyl and thus 
might be the site of photosynthesis, might have a 
very high specific activity but it might not be in 
rapid equilibrium with the glutamate of the 
plastids or, on the other hand, the glutamate of 
the plastids might not be in equilibrium with 
that obtained in the extract of the whole cell. 
It is apparent if the plastid pool was very small 
as compared to the whole cell pool that a false 
conclusion might be reached relative to the tri- 
carboxylic acid cycle as a mechanism of photo- 
synthesis. Detailed information of the mechanism 
of the tricarboxylic acid cycle and proof that the 
specific activity of the actual intermediate is low 
at the site of photosynthesis, would be required 
for more rigid evidence. Even though experi- 
mental techniques do not permit us to satisfy the 
requirements of such a proof, the definiteexclusion 
of certain intermediates in photosynthesis is not 
justified on the basis of present information and 
to avoid errors in our concept of the status of the 
problem these facts should be clear. The above 
example is cited only to illustrate the limitations 
of the methods and the necessity of considering 
pools and turnover in isotope experients. The 
speaker has no brief for the reversal of the 
tricarboxylic acid cycle as a mechanism. In addi- 
tion in comparing light and dark experiments 
account must be taken of the fact that the size 
of the pools may change in the dark and light. 
The problem of pools also comes into considera- 
tion in evaluating Fager’s evidence that phospho- 
glycerate is a precursor of phosphopyruvate and 
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not a conversion product of phosphopyruvate in 
photosynthesis. The equilibrium concentration 
for enolase is 3 of phosphoglycerate to one of 
phosphopyruvate but Fager found the ratio of 
their total counts was 7 or 8 to one when cells 
were killed immediately after photosynthesis. 
The ratio decreased to 3 or 4 to one if the cells 
were allowed to remain in the dark for some time. 
Here again the question of different pools within 
the cell comes into consideration. If the radio- 
activity entered the phosphopyruvate pool first 
the total counts in the phosophopyruvate could 
be greater than the phosphoglycerate initially 
but as radioactivity flowed into the phospho- 
glycerate it would rise in phosphoglycerate but 
according to Fager would never go above three 
times the phosphopyruvate. On the other hand if 
phosphoglycerate was the precursor it would, at 
an early time, have more total counts than the 
phosphopyruvate and give a higher ratio. The 
question is whether with phosphopyruvate as the 
precursor the total activity of phosphoglycerate 
could ever be higher than three times the phos- 
phopyruvate. Since there is no assurance that 
equilibrium conditions apply in the system under 
study, an affirmative answer to this question 
remains a possibility. For example, assuming 
that there can be different pools of phospho- 
glycerate in the cell, it would be possible for a 
higher ratio to occur if the radioactive phospho- 
glycerate was transported from the site of 
photosynthesis to a non-radioactive pool of 
phosphoglycerate which was not equilibrating 
rapidly with phosphopyruvate. However, in the 
absence of concrete evidence on these questions, 
the argument for phosphoglycerate as the pre- 
cursor appears to be more plausible at the 
present. 

Finally in the hope that this discussion will not 
be construed in the wrong sense, I wish to express 
again my admiration of the detailed and ex- 
haustive work that has been done, and also satte 
again that most work in biochemistry is filled 
with uncertainties and that all investigators are 
faced with the problem of making what they 
consider the best interpretation of their data. 
The present investigators have done this and 
have brought forth some worthwhile concepts 
from which future experiments may be planned. 
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Bi DISCUSSION deals with two types of en- 
zymes, each of which catalyzes the removal of 
one of the functional groups of amino acids. The 
first to be discussed, the decarboxylases, cause 
the loss of the carboxyl group to yield the analo- 
gous amine, and the second, the transaminases, 
remove the amino group to yield the analogous 
a-keto acid. Since the loss of either the carboxyl 
or the amino group would remove a compound 
from the amino acid series, the problem then 
becomes one of amine or organic acid metabolism. 
It is possible that the last step in amino acid 
formation involves the reversal of one or both 
of these reactions. The evidence for these routes 
in amino acid formation will be examined. In 
addition, the occurrence and properties of the 
enzymes and the nature and mode of action of the 
coenzyme will be discussed. It is, in fact, the 
function of pyridoxyl phosphate as the coenzyme 
of both sets of enzymes which provides the best 
rationale for the inclusion of the decarboxylases 
and transaminases in a single discussion. 


DECARBOXYLASES 


Amino acid decarboxylases have been described 
in bacteria, animal and plant tissues. The knowl- 
edge of bacterial decarboxylases has been re- 
viewed by Gale (1) and Karrer (2), and that 
of animal tissue by Blaschko (3) and Werle (3a). 
Only one plant decarboxylase, that for glutamic 
acid (4, 5), has so far been described. 

The bacterial enzymes, which have been stud- 
ied in the greatest detail, will be considered first. 
The most active decarboxylases are found in 
various strains of Escherichia coli (6), Proteus 
vulgaris (7), Clostridium (7), and enterococci 
(8, 9). In addition, a much less active decarboxy- 
lase for aspartic acid has been reported in rhizobia 
(10) and pseudomycobacteria (11). The bacterial 
decarboxylases are listed in table 1, along with 
the animal and plant enzymes. The tyrosine 


1 Presented in the Symposium on Amino Acid 
Metabolism, Detroit, Michigan, April 20, 1949. 





decarboxylase which is found in the enterococci 
(8, 9) also decarboxylates dopa (3,4-dihydroxy- 
phenylalanine) at a rate approximating that for 
tyrosine (12), and in addition decarboxylates 
phenylalanine more slowly, i.e. at a rate about 
1/100 found with tyrosine (13). The glutamic, 
lysine, histidine, arginine and ornithine decar- 
boxylases are present in £. coli strains in varying 
concentrations and without any apparent pat- 
tern of distribution. It is to be noted that each 
of the amino acids for which a decarboxylase 
has so far been described contains a third polar 
group in addition to the amino and carboxyl 
groups. 

In addition to information from straightfor- 
ward enzyme studies, a considerable amount has 
been learned about bacterial decarboxylases by 
shifting of the enzyme complement. For example, 
the decarboxylase content per cell is much greater 
for cells grown in an acid medium. This can be 
accomplished either by inoculating the organisms 
into a previously acidified medium or by adding 
an excess of carbohydrate so that the fermenta- 
tion acids bring the px below 5. 

The decarboxylases are adaptive enzymes, that 
is, their formation is dependent upon the presence 
of the specific substrate during growth. From the 
fact that the substrate must be present, and 
also the medium acid for abundant decarboxylase 
production, one could infer that the undissoci- 
ated carboxyl group is essential for enzyme for- 
mation and action. Thus in acid medium the 
actual substrate (undissociated acid) concentra- 
tion would be approximately the amount of 
amino acid present, whereas, at neutral reaction, 
the carboxyl group would be almost completely 
dissociated, to give a low effective substrate 
concentration and very little enzyme formation. 
The pH may also be an important item in deter- 
mining the level of decarboxylase activity in 
animal tissue, though in this case the optimum 
pH, and possibly the mechanism, may be dif- 
ferent. The optimum px for bacterial decarboxy- 
lases in both cell suspension and cell-free en- 
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zymes lies around pu 4.5 to 5 (1), whereas the 
optimum for the animal decarboxylases is 7 to 
8 (8). 

The nature of the coenzyme of the decarboxy- 
lases was also found by the specific culturing of 
microorganisms. By varying the level of B-vi- 
tamins in the growth medium for Streptococcus 
faecalis, which requires most of the B-vitamins, 
vitamin B, was found to be directly involved in 
amino acid decarboxylation (9). Vitamins which 
function in other enzyme systems, for example 
the glycolytic system, which is the primary 
energy liberating system of these cells, will also 
affect the decarboxylase activity, but to a lesser 
extent—nicotinic acid influences decarboxylase 
activity apparently through this mechanism (9, 
14). In the case of vitamin Bg, the concentration 
required for maximum tyrosine decarboxylase 


TABLE 1. AMINO ACID DECARBOXYLASES 


Bacterial Animal 
Tyrosine Histidine 
Dopa Tyrosine 
Phenylalanine Dopa 
Arginine Tryptophane 
Ornithine 
Histidine Plant 
Lysine Glutamic 
Glutamic 
Aspartic 


activity of the cells as harvested is about 20-fold 
that required for maximum growth. Since maxi- 
mum growth and acid production can be obtained 
in cells showing very little tyrosine decarboxylase 
activity, either the enzyme protein is not formed 
in media low in vitamin Be or the enzyme is 
formed but is inactive, due to lack of saturation 
with coenzyme. The addition of pyridoxal to 
resting cells, or pyridoxal phosphate to dried 
cells, from vitamin B,-deficient medium results 
immediately in a high rate of decarboxylation, 
thus indicating that the enzyme has been formed 
but is nonfunctional, due to lack of coenzyme 
(14). The formation of apoenzyme by growth in 
deficient medium was extended to growth with- 
out Bs by Snell’s very fruitful observation that 
D-alanine can substitute for vitamin B, in the 
growth of Streptococcus faecalis R. This tech- 
nique allowed the preparation of cell suspensions 
and dried cells, with high concentrations of 
apodecarboxylase. Such preparations were used 
to assay various natural materials for coenzyme 
activity and to determine yields in the synthesis 
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and purification of the coenzyme which was 
shown to be pyridoxal phosphate. 

The deficient growth technique cannot be used 
with Escherichia coli, since Bs is formed during 
growth. In this case, however, pyridoxal phos- 
phate was shown to function as coenzyme by 
preparing cell-free enzymes and removing the 
coenzyme according to the classical methods of 
biochemistry. Thus all the bacterial decarboxy- 
lases (1) and the plant glutamic decarboxylase 
(4) have been shown to require pyridoxal phos- 
phate. 

One might ask the questions: What is the 
importance of the decarboxylase reaction to the 
cells? Does the reversal of ‘this reaction con- 
stitute an important mode of synthesis of amino 
acids? Although the answers to these questions 
are not clear, they do not appear to function in 
amino acid formation. The contra evidence in- 


TABLE 2. REPLACEMENT OF AMINO ACIDS 

With excess Be With Be + CO2z 
Alanine Arginine 
Lysine Phenylalanine 
Threonine Tyrosine 
Cystine 

With B. + indole or anthranilic acid 

Tryptophane 
With Be. + xanthine or imidazole pyruvate 
Histidine 


cludes the following: 1) The direct reversal of 
decarboxylation has not been shown. 2) If the 
last step in the synthesis of amino acids were the 
carboxylation of the analogous amine, the prob- 
lem of the route of synthesis would merely be 
removed by one step, that is, would become the 
mode of formation of the amines, for which little, 
if any, information is available. (3) The examina- 
tion of a series of cultures, for example several 
strains of Escherichia coli, for decarboxylases, 
did not reveal a single strain which contained all 
five of the decarboxylases described, nor was 
there an apparent relationship among those found 
in a given culture—a fact which one might expect 
if a route of synthesis were involved. 

On the pro side, the strongest basis for pre- 
dicting a reversal of the decarboxylations is the 
observation that vitamin B, will replace certain 
amino acids for growth (15). In other cases 
vitamin B, plus CO; is required (16). The amino 
acids which fall in this class are listed in table 
2. Vitamin B, will replace four amino acids (15, 
17), and vitamin B, plus CO, will replace three 











others (16). One of the former and all of the 
latter group are decarboxylated by known bac- 
terial systems. In the presence of excess of vi- 
tamin B, and CO., Lyman et al. (16) reported 
an additional stimulation in the growth of Lacto- 
bacillus arabinosus by phenylethylamine as a 
replacement for phenylalanine. The effect was 
small, and this work has neither been confirmed 
nor extended. It seems unlikely at the moment 
that the effect of CO, and vitamin B, is directly 
in the carboxylation step, although further study 
will be required to clarify this problem. 

More recently Herbst and Snell (20) have 
observed that putrescine acts as a growth factor 
for Hemophilus parainfluenzae—putrescine being 
the amine which would be formed by the decar- 
boxylation of ornithine. Ornithine, however, did 
not replace putrescine for the growth of the 
organism—thus the mode of action of the putres- 
cine does not appear to be the reversal of orni- 
thine decarboxylation. 

The replacements of tryptophane with vitamin 
Bg plus indole, and of histidine by vitamin B, 
plus xanthine or imidazole pyruvate, are more 
clearly understood. The former has been resolved 
by the finding that indole plus serine condense 
to tryptophane with pyridoxal phosphate serving 
as coenzyme (18), and the latter appears to be 
the transamination of imidazole pyruvate to 
histidine (19)—the nature of the amino donor 
has not as yet been determined. 

The animal amino acid decarboxylases, also 
listed in table 1, are less active than the bacterial 
systems, and have not been studied in as great 
detail. Due to the high pH optimum, measure- 
ment of these systems is more difficult than for 
the bacterial systems. However, some very in- 
teresting data are available. The dopa decar- 
boxylase has been shown by two groups of 
workers to require pyridoxal phosphate as co- 
enzyme (21, 22), and the other decarboxylases 
shown to be sensitive to carbonyl trapping agents, 
an observation interpreted as suggestive of a 
pyridoxal phosphate coenzyme (23). Blaschko 
et al. (24) have also compared the substrate 
specificities of the kidney dopa decarboxylase 
and the tyrosine decarboxylase of Streptococcus 
faecalis and found them to differ, thus indicating 
that these represent two distinct enzymes. The 
possible function of these enzymes in the biolog- 
ical formation of adrenaline derivatives has also 
been studied (25). 

A few other observations relating to the amino 
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acid decarboxylases may bear mentioning. In 
spite of some evidence to the contrary in pre- 
liminary work, all of the decarboxylases studied 
in detail have been shown to require codecar- 
boxylase (pyridoxal phosphate) as coenzyme. 
This includes, in addition to the bacterial systems 
and the animal enzymes discussed above, the 


glutamic decarboxylase of plant tissue studied 


by Schales (4, 5) and the aspartic decarboxylase 
of pseudomycobacteria (11). In the two latter 
cases the apoenzymes have been prepared by 
resolution and reactivated by addition of pyri- 
doxal phosphate. 

Using the tyrosine apodecarboxylase (14) for 
assay of coenzyme activity, it has been found 
that only pyridoxal phosphate (26), and neither 
pyridoxamine phosphate nor pyridoxine phos- 
phate, is active as coenzyme. Moreover, although 
the proof of structure is not chemically precise, 
the active form of pyridoxal phosphate appears 
to be the alcoholic, or 5-phosphate (26, 27). 
The phenol, or 3-phosphate, originally discarded 
as a possible structure (26, 27), has received 
considerable attention recently (28, 29), but does 
not show appreciable activity (30). 


TRANSAMINASES 


Braunstein in 1937 described two enzymes 
capable of transferring amino groups and named 
them the glutamic and the aspartic aminopher- 
ases. The enzymes were reported to transfer 
amino groups from their respective dicarboxylic 
amino acids to the keto acid analogues of a large 
series of monocarboxylic amino acids. At that 
time the methods for detecting the reactions 
were cumbersome, and it now appears that the 
original interpretation was not entirely correct. 
Cohen restudied the enzymes from animal tissue 
and, with greatly improved methods, was able 
to demonstrate an enzyme capable of transferring 
amino groups between the dicarboxylic acids, 
glutamic and aspartic, and their respective keto 
acids. This enzyme was by far the most active 
amino transferring system present. Cohen also 
gave the name transaminase to these enzymes, to 
describe the amino transferring function. He also 
concluded that the number of monocarboxylic 
acids which participate in transamination is far 
smaller than reported by Braunstein?. These 


2Since this manuscript was submitted a wide 
variety of transaminases have been demonstrated 
to occur in bacteria by means of paper chromat- 
ographic and _ specific 


decarboxylase analysis 





Jw 


pa] 


co- 
of 

tw 
pu 
vel 


the 
eit 
the 
ant 
nas 
stu 
det 
Gr 


ph 
Str 


CC 
CI 
CI 


CI 





Ci 








CS ee a eo 








June 1950 


papers are reviewed by Braunstein (31) and 
by Cohen (32). More recently Green and his 
co-workers (21) have again improved the methods 
of measuring these reactions and have obtained 
two transaminases from pig heart in a highly 
purified state. These workers initiated the con- 
vention of designating the enzymes by the two 
amino acids involved, i.e. glutamic-aspartic for 
the enzyme transferring the amino group from 
either amino acid to the a-keto acid analogue of 
the other. The two reactions diagrammed in 
figure 1, ie. the glutamic-aspartic (reaction 1) 
and the glutamic-alanine (reaction 2) transami- 
nases are the only two which have so far been 
studied in detail. 

The glutamic-aspartic enzyme first studied in 
detail by Cohen (33, 34), and highly purified by 
Green et al., (21) was resolved and pyridoxal 
phosphate shown to function as coenzyme in 
Streptococcus faecalis R. by Lichstein, Gunsalus, 








CH; CH; 
(2) 

COOH C=O0 >= CHNH: COOH 
+ | | + 
COOH COOH 
CHNH: Pyruvic Alanine —- 

At (3) 
CH, COOH COOH CH, 
C= (1) CHNH, 
CH, + | — + CH; 
CH, CH, 
COOH COOH COOH COOH 
Glu- Oxal- Aspartic a-Keto 
tamic Acetic Glutaric 


Fig. 1. TRANSAMINASE REACTIONS of glutamate, 
aspartate and alanine. 


and Umbreit (35), and in pig heart by O’Kane 
and Gunsalus (36). The second system, the glu- 
tamic-alanine system, is also present in pig heart 
in about one-tenth of the concentration of the 
glutamic-aspartic system (32, 21). Kritzmann and 
Samarina (37) were able to resolve this enzyme 
and to reactivate with pyridoxal phosphate. 
These two enzymes were separated by Green and 
his co-workers by ammonium sulphate fractiona- 
tion. 

The third transaminase, which is still supported 
(FELDMAN AND GuNSALUS Proceedings of Ameri- 


can Chemical Society, 117th General Meetting, p. 
35C, Bacteriological Proceedings, 1950, p. 132). 
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by Braunstein (31) and Kritzmann and Samarina 
(38), is the aspartic-alanine system indicated as 
reaction 3, figure 1. From the data of O’Kane 
and Gunsalus (39) it is considered that this 
reaction does not occur directly, but as summa- 
tion of reactions 1 and 2. If one measures the 
activity of fresh pig heart extract for reactions 
1, 2, and 3, one finds data similar to those shown 
in table 4. Fractionation of the extract to sep- 
arate the glutamic-aspartic—(1) and glutamic- 
alanine—(2) enzymes results in the disappearance 
of the aspartic-alanine—(3) activity. Remixing 
enzymes 1 and 2 results in the reappearance of 
aspartic-alanine—(3) activity equivalent to that 
found in the original extract, table 4. In the puri- 
fied systems, however, pyridoxal phosphate has 
been removed and must be added, along with 
glutamic or keto glutaric acid. Green (21) was the 


TABLE 3. OTHER TRANSAMINASES 
(Reactions slow, enzymes not studied) 


Animal Tissues Microorganisms 
Glutamic-Valine Neurospora 
-Leucine -Valine 
-Isoleucine -Isoleucine 


-Methionine Torulopsis 
-Arginine Glutamic-Valine 
-Leucine 
-Isoleucine 
Lactic Acid Bacteria 
-Histidine 


first to suggest that the aspartic-alanine activity 
might well occur by the linking of the two 
glutamic transaminases, and that the coenzyme 
which had been described by Kritzmann for the 
aspartic system might well be ketoglutarate or 
glutamic acid. 

Although these are the only transaminases 
which have been studied in detail, it appears that 
several other systems exist, as indicated in table 
3. As far as is known, all of these systems link 
to glutamic acid as amino donor. The valine, 
leucine and isoleucine transaminases have been 
reported in animal tissue, particularly in kidney, 
by Cohen (40); other systems are also, indicated, 
but the rates are so low that with the methods 
available their interpretation is in doubt. Evi- 
dence for the valine and isoleucine systems also 
comes from other quarters, as for example Bon- 
ner, Beadle and Tatum’s (41, 42) observation of 
the replacement of the valine and isoleucine 
requirement of Neurospora mutants with keto 
acid analogues. Earlier, Rose and co-workers 
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(43, 44) had observed the replacement of valine, 
leucine and isoleucine for the growth of the 
rat by their analogous hydroxy or keto acids. 
Similarly, Cox and Rose (45) reported the re- 
placement of histidine by imidazole lactic acid. 
Broquist and Snell’s (19) observation of histidine 
replacement for growth of Lactobacillus arab- 
tnosus by vitamin Bg and imidazole pyruvate 
strengthens the view of a transamination as the 
mechanism. 

Schoenheimer, Rittenberg and co-workers (47, 
48) had furnished isotopically labeled nitrogen 
in the form of ammonia or tyrosine to rats and 
later fractionated the amino acids and found the 


TABLE 4. FRACTIONATION OF TRANSAMINASE AC- 
TIVITY FROM AQUEOUS EXTRACT OF PIG HEART (39). 





| TOTAL UNITS 





FRACTION 

|Glutamic | Aspartic ;Glutamic 
Aspartic | alanine | alanine 
—————— = po = = 





| 226 | 3,100 
| 
| 
| 


Water extract 

Ist fractionation 
precipitate 30 gm. | 
CNH,):S0, | 
precipitate 70 gm. | 16,330 | 28 
(NH,).80, | | 

3rd fractionation | | | 
precipitate 2X 25 gm.| nil | 0.8! 225 
(NH,):80, | pase 

| 


| 33,000 
2,665 | 52 | 2,850 


295 


nil 


ao 


precipitate 38 gm. | 3,652 | 
(NH4)2S0, | 
Combination of 25 gm. | 23.4 | 
(NH,)2SO, and 38 gm. | | 
(NH,)2SO, precipitates’ | | 





labeled nitrogen in histidine, glutamic acid, as- 
partic acid, proline, glycine and arginine. The 
glutamic and aspartic acids contain the highest 
concentration—an observation compatible with 
their apparent importance as key amino donors, 
and the involvement of glutamic acid in the 
route of ammonia pickup. The arginine contained 
labeled amino groups only in the guanidine 
nucleus—not in the alpha amino position—an 
observation rendered more pertinent by Ratner’s 
observation (46) of arginine formation from cit- 
rulline with aspartic acid serving as amino group 
donor. Histidine, on the other hand, contained 
the amino groups only in the alpha amino position 
and not in the imidazole ring. This, too, is more 
pertinent in view of the observation of Cox and 
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Rose (45) and Broquist and Snell (19), as de- 
scribed earlier. Further transaminases may, but 
do not necessarily, exist for tyrosine and phenylal- 
anine, as implied by the replacement of these 
compounds by the analogous keto acids for sev- 
eral microorganisms. 

The mechanism of transamination is still an 
open question. As mentioned previously, the 
coenzyme of the two well known transaminases, 
glutamic-aspartic and glutamic-alanine, has been 
shown to be pyridoxal phosphate. By analogy 
to the chemical transamination of pyridoxal and 
pyridoxamine by glutamic acid and keto glu- 
tarate, respectively, on heating (49) the hypoth- 
esis was made that pyridoxal and pyridoxamine, 
very probably in their phosphorylated forms, were 
interconverted in serving as amino transfer cata- 
lysts. In support of this hypothesis, Umbreit, 
O’Kane and Gunsalus (50) using dried cells of S. 
faecalis as a source of apotransaminase, found 
either pyridoxal phosphate or pyridoxamine phos- 
phate to activate the glutamic-aspartic system. 
To test this more critically in a purified system, 
the glutamic-aspartic transaminase of pig heart 
was purified and resolved (36). With this system, 
however, only pyridoxal phosphate and not pyri- 
doxamine phosphate served as coenzyme (51). 
Thus it appears that pyridoxamine phosphate 
does not serve as an intermediate in trans- 
amination, in which case the mechanism is again 
an open question. In the meantime, Snell and 
Rabinowitz (52) had shown the natural occur- 
rence of pyridoxamine phosphate and its require- 
ment for the growth of Lactobacilli. The possi- 
bility of pyridoxamine phosphate being formed 
in transamination has been tested by Miss 
Struglia and me in collaboration with Drs. Snell 
and Rabinowitz as follows: Purified glutamic- 
aspartic transaminase from pig heart was incu- 
bated with pyridoxal phosphate, or with pyri- 
doxamine phosphate, in the presence of substrates 
and the reaction mixtures analyzed with yeast for 
total vitamin Bg and with L. casei for pyridoxal. 
In no instance was there evidence for the forma- 
tion of pyridoxamine phosphate from pyridoxal 
phosphate, or vice versa. 

At the moment the mechanism of transamina- 
tion and the biological function of pyridoxamine 
phosphate are unknown. One might expect for 
those organisms which require pyridoxamine 
phosphate that a function for this form should 
exist, or a system for its transformation to 
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pyridoxal phosphate—which has to date been 
considered the central member of the system— 
should occur. A possible system of this type exists 
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in the transformation of pyridoxamine to pyri- 
doxal phosphate by S. faecalis in the presence of 
pyruvate (53). 
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SIGNS OF MALNUTRITION SEEN IN NEWFOUNDLAND: 
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ios NEWFOUNDLAND nutrition surveys of 1944 
and 1948 were made by two independent 
groups of investigators (1-3). The work of the 
group with which I was associated was supported 
jointly by the government of Newfoundland and 
by Merck & Co., Ltd. of Canada. The work of 
the other group was supported by the Research 
Corporation of New York City. Procedure dif- 
fered somewhat but the findings were very 
much the same. 

The sample of the population examined in 1944 
by the group with which I was connected con- 
sisted of people collected at random who were in 
part residents of the capital city, St. John’s, but 
in larger part residents of the fishing villages of 
the southeast coast of the island (1). They num- 
bered 868 with about two-thirds of them under 
the age of 20 years. At about the time of that 
examination all imported white flour became en- 
riched on the order of the government of New- 
foundland. Also required and instituted at this 
time or a little later was fortification of all oleo- 
margarine with vitamin A. In 1948 the examina- 
tions were repeated (2). The season was the same 
(August), the localities visited were about the 
same, the number of persons examined was the 
same, the age distribution was much the same 
and the same criteria were adopted for judging 
abnormality. 

The vitamins added to the flour and margarine 
were found in the blood and urine of the people 
in 1948. The level of thiamine in the urine in 1944 
was low. It was satisfactory in 1948. The level of 
riboflavin was very low in 1944, much improved 
in 1948. The level of vitamin A in the blood was 


1 Read at Symposium on Nutritional Appraisal 
of Human Subjects, American Institute of Nu- 
trition, Atlantic City, N. J., April 20, 1950. 





low in 1944 and improved in 1948. However, the 
level of ascorbic acid in the blood, low in 1944, 
was even worse in 1948, 

This worsening with respect to vitamin C is 
important information, because it shows that 
the quality of the diet with respect to its content 
of nutrients other than those put in the flour and 
margarine had not improved. The diet both in 
1944 and 1948 consisted largely of dried codfish, 
flour, sugar and margarine. The milk and meat 
consumption was minimal, as was the consump- 
tion of vegetables and fruits. Enrichment of the 
flour and fortification of the margarine had im- 
proved the situation with respect to the vitamins 
added to these foods, but could not have affected 
the intake of vitamin C. Other efforts had been 
directed at increasing the consumption of vege- 
tables and fruits, but the fact that the vitamin C 
level of the blood had not increased provided 
evidence that these other efforts had had no great 
effect. That these other programs should have 
failed to accomplish much is not surprising for 
they were started late, no earlier than the spring 
and fall of 1947, and they were not extensive. 

The major ill effects of nutritional deficiencies; 
such as loss of strength, loss of vigor and loss of 
resistance to stresses of all kinds, involve in- 
visible and as yet inscrutable abnormalities of 
metabolism. These major ill effects, however, 
are accompanied, with some degree of regularity, 
by certain signs and symptoms which are there 
for all to see who care to see. These ‘outward and 
visible’ signs of malnutrition are not specifically 
indicative of deficiency of one nutrient or another. 
Therefore, when observed they are not invariable 
guides to diagnosis of deficiencies. Nor do they 
invariably accompany any of the deficiencies; 
therefore their absence does not exclude the ex- 
istence of deficiencies. These eccentricities, how- 


562 





June | 


ever, 
outws 
diseas 
to no 
patie! 
to al 
furth 
alone 
front 
who 
and ° 
or di 
diggi 
cine. 
ward 
to b 
actin 


slide 
phot 
to 
trate 
char 
teres 
tical 
of t 
194¢ 
the 
fact 
defi 
pro 
ribe 
gral 
sigt 
atti 
am 


In 








the 


at 
nt 
nd 
in 
h, 
at 
p- 
1e 
n- 


— 7) 


ai i ee 

















June 1950 


ever, are no greater than those exhibited by the 
outward and visible signs and symptoms of many 
diseases, and the physician who closes his eyes 
to nonspecific signs and symptoms does so at his 
patient’s peril. Their value frequently is limited 
to arousing suspicion and thereby prompting 
further search for the disease at fault, but this 
alone is of extreme importance. A physician con- 
fronted with a skin which is tanned and velvety 
who fails to think at once of Addison’s disease 
and to take the measures necessary to establish 
or disprove that diagnosis had much better be 
digging holes for fence posts than practicing medi- 
cine. Likewise whoever willfully ignores the out- 
ward and visible signs of malnutrition ought not 
to be engaged in nutritional or public health 
activities. 

The colored photographs [shown as lantern 
slides] were made by Mr. M. Sym, a professional 
photographer, who accompanied the expeditions 
to Newfoundland in 1944 and 1948. They illus- 
trate with remarkable fidelity the colors and other 
characteristics of the superficial lesions encoun- 
tered and recorded in those surveys. The statis- 
tically significant change in incidence of a number 
of these lesions in the 4-year interval between 
1944 and 1948 provides considerable support for 
the conclusion that many of these lesions are in 
fact specifically indicative of certain vitamin 
deficiencies. I have said that the diet was im- 
proved with respect to allowances of thiamine, 
riboflavin, niacin and vitamin A, and it was of 
gratifying interest to observe that several of the 
signs and symptoms which formerly had been 
attributed to deficiencies of these nutrients were 
among those that had diminished in frequency. 
In contrast to the improvement with respect to 
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those vitamins was the worsening with respect to 
vitamin C, and it is I think of great significance 
that the lesions for which the recorded incidence 
in 1948 failed to manifest improveme t were 
those which heretofore had been attrib by 
many students of nutrition to deficie of 
vitamin C, 


CONCLUSIONS 


The lesions illustrated by these cclored photo- 
graphs sometimes have their origin, in whole or 
in part, from causes other than deficiencies. 
Therefore, when observed they are not in and by 
themselves dependable as guides to the diagnosis 
of deficiencies. Nor do they invariably accom- 
pany deficiency of any single vitamin or nutrient; 
therefore, the existence of deficiencies is not 
excluded by their absence. These eccentricities, 
however, are no greater than those exhibited by 
the signs and symptoms of most diseases. There- 
fore, the presence of such abnormalities demands 
a more careful study of causation than commonly 
is made. The Newfoundland experience leads to 
the expectation that appropriate investigation 
will frequently reveal a dietary basis for these 
lesions, especially in population groups in which, 
for economic or other reasons, the diet is unsatis- 
factory with respect to the vitamins herein con- 
sidered. There is more at stake than the existence 
of these outward and visible superficial lesions, 
for when their origin in whole or in part is 
nutritional deficiency, they signify the coexistence 
of invisible abnormalities of metabolism and 
growth, which in turn reflect themselves in 
diminished resistance to stresses and infections, 
and thus to an elevated incidence of disease and 
death. 
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Dis suBJEcT which I have been asked to dis- 
cuss, Statistical Appraisal of Nutritional Data, 
implies the evaluation or analysis by statistical 
techniques of a body of data collected for the 
purpose of investigating some problem in the 
field of nutrition. In other words, we may assume 
that an inquiry to obtain an answer to some 
question or an experimental study to further 
our knowledge is involved. Analysis of the data, 
of the observations made relative to the problem 
under investigation, is the final stage of the in- 
quiry. Many people think that the application of 
statistical methods properly begins at this final 
stage. However, statistics properly may be de- 
fined as the methodology of scientific inquiry 
which is and must be concerned not only with 
analysis but also with planning the study and 
collecting the data. It is my intention, therefore, 
to discuss briefly some of the principles and tech- 
niques of statistics and to illustrate their ap- 
plication to various types of inquires in the field 
of nutrition. 

Any study or inquiry, however simple or lim- 
ited, requires three steps to obtain the desired 
results. These are: first, formulation of the prob- 
lem, that is, of the specific question to which an 
answer is sought; second, drawing up the plan 
for the study; and third, analysis of data. The 
plan of the study is dependent upon the problem 
or objective or, in more statistical terms, upon 
the hypothesis or premise which is to be tested. 
The analysis in turn flows directly from the plan 
of the study which outlines the data that are col- 
lected and forecasts the method of analysis. 

Since the objective of a study or the hypoth- 
esis in a scientific experiment determines the en- 
tire design of the investigation, the problem must 
be formulated precisely and completely. The fact 
that a study is being conducted indicates a need 
to learn from experience new knowledge about 
some problem or to verify a postulate. Thus, the 
observations to be made have a purposeful re- 
lation to the problem; they must be carefully 





planned to serve that specific purpose; and the 
results of an analysis of the observations usually 
will be useful only for interpretation relevant to 
the problem as formulated. 

Let me illustrate. A dietary survey is to be 
made in a community. The purpose of the sur- 
vey must be known before any decision can be 
made as to the data to be collected or the popu- 
lation to be included. Suppose the objective is 
defined as determination of the amount of money 
spent by families at different income levels for 
foods of different types. This will establish the 
need to survey families selected on some ran- 
domized basis from different areas of the com- 
munity to provide an adequate sample at each 
of several income levels and to obtain income data 
for the families as well as a record of food pur- 
chases for a definite period of time. In general 
terms, this information would satisfy the ob- 
jective of the study as defined. But I am sure 
that none of you would think that this limited 
information would serve a useful purpose. How- 
ever, if additional data are desired, something 
should be added to the formulation of the objec- 
tive of the survey. The objective might be to 
appraise the family food supply of different types 
of food per capita or per consumption unit for 
families of various sizes and composition when 
the income per week or expenditure for food is at 
various levels. Or, it may be desired to compare 
the nutrient content of diets of similar cost pur- 
chased by Negro and white families, or by fami- 
lies of different nationality backgrounds, or by 
families in which the wives have had various 
amounts of education. These are typical of de- 
scriptive studies in which information is sought 
on the possible relation of selected social, eco- 
nomic or individual factors to some condition, 
disease or behavior which differentiates individ- 
uals in the population. The formulation of the 
objective of such studies must be explicit and 
complete as to what factors are to be related to 
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variations in a given condition and the condition 
under investigation should be well defined. 

The same general principles apply to investiga- 
tions of a biological or clinical nature. For ex- 
ample, on the basis of animal experiments or of 
human observations, one may wish to conduct a 
therapeutic experiment on humans to test the 
effect on a specific lesion of administering a 
specific nutrient. The hypothesis formulated is 
that a lesion having certain well-defined charac- 
teristics will be modified or reversed if the per- 
sons affected are given large amounts of a nu- 
trient, orally or possibly by another route, over 
a given period of time; and that a similar change 
does not occur, or is less likely to occur, without 
this particular therapy. 

After the problem has been formulated, the 
next step is to plan the method of conducting 
the study. The success or failure in obtaining the 
data needed for a valid interpretation of results 
will depend very largely upon the soundness of 
the plan and the foresight in selecting the varia- 
bles affecting the results. 

Therapeutic experiments or trials currently are 
being conducted by many workers in nutrition. 
A somewhat detailed discussion of this type of 
experiment may be used as an example of the 
application of statistical methods and techniques 
to the planning of an experiment. Although this 
discussion is directed to tests of therapeutic 
effects on clinical signs of deficiencies, the basic 
principles are applicable to studies in general on 
effects of nutritional supplements. 

The use of controls or non-treated subjects for 
comparison with those receiving therapy is so 
standard in therapeutic tests that it is necessary 
only to mention that the selection of such groups 
is a basic part of the plan of the study. Homo- 
geneity of biological traits and status and of 
external conditions for subjects in human ex- 
periments is not possible. A method of assigning 
subjects to each group must be used which does 
not weight any of the groups unequally with per- 
sons likely to respond more, or less, favorably to 
the therapy. There may be more than one therapy 
group in the same experiment if, for example, it 
is desired to test whether therapy A or therapy 
B or possibly the two in combination produce 
the most favorable result. The data needed for 
assigning subjects to the different groups relate 
to the condition or lesion for which an appraisal 
of therapeutic effect is desired and to other 
variables for which a potential influence on the 
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results is to be controlled or equalized in the two 
or more groups of subjects under observation. It 
will be apparent, I think, that the selection of 
the criteria for appraisal of the condition under 
therapeutic trial, of the variables to be equated, 
and of the method of forming the groups call for 
the special knowledge of the statistician and of 
the clinician. 

In a test of the effect of therapy on signs of a 
nutritional deficiency, the control and therapy 
subjects must be alike with respect to these signs. 
Therefore, accurate classification of the signs of 
the deficiency state under observation and evalu- 
ation is essential. The severity and stage of 
development of the deficiency state at the be- 
ginning of the experiment has a major influence 
on the response, and persons assigned to the 
different groups should be paired for equal status 
in this respect. Also, appraisal of improvement is 
inherent in the test and well-defined criteria for 
the normal condition and gradients of the patho- 
logical process are required in order to classify 
degrees of change. 

The more objective the observations can be, 
the more reliable they are likely to be for use in 
classifying the degree of the deficiency. When 
lesions of superficial tissues, such as the tongue, 
gums, skin, and eyes, are involved in the thera- 
peutic experiment, clinical photography, in color 
if needed, affords a satisfactory method of ob- 
taining an objective, permanent record of the 
condition of selected tissues. Its value and ad- 
vantages in diagnosis and classification of the 
condition of a superficial tissue can be compared 
with that of the x-ray in a study of tuberculosis 
or rickets. In the present stage of development 
of specific criteria for diagnostic signs, and of lack 
of uniformity among physicians in classification 
of acute and chronic processes and their stage, 
the complete detail made available by a photo- 
graph is indispensable. No amount of descrip- 
tion of the condition of a tissue by the examiner 
can provide as adequate a basis for a diagnosis 
and for evaluation of change in the condition on 
therapy as do photographs. 

Few physicians have had sufficient training 
and experience in making observations on devia- 
tions in tissues used for nutritional diagnosis to be 
able to establish at the beginning of a study defi- 
nite criteria for a normal tissue and for classifi- 
cation of types and degrees of change that may 
be encountered. If pictures are available, ex- 
perience with all aspects of the pathology of a 
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given tissue can be acquired. The criteria for 
classification may be established to bring out the 
differences in individuals that are actually found. 
All pictures then can be reviewed and classified. 

An appraisal of the reliability of a physician’s 
classifications can and should be made by re- 
peating the classifications for a number of pic- 
tures and comparing the results. Such a repeti- 
tion periodically when a study continues over a 
considerable time will pick up any shift in the 
interpretation of the signs that may have oc- 
curred. With pictures available, correction for a 
change in diagnostic classification can be made. 

Comparability of diagnostic classifications by 
different physicians also can be tested by com- 
paring their results for the same pictures inter- 
preted independently. Differences brought to 
light may result in improving the precision of the 
criteria and diagnostic standards. 

From experience with studies with photo- 
graphs and without photographs, I am convinced 
that no investigation of the signs of nutritional 
deficiencies and no appraisal of therapeutic 
studies should be attempted without clinical 
photographs if the tissues under observation can 
be photographed. 

In those situations in which a photograph is 
not feasible, observations recorded should be ob- 
jective descriptions of the histopathology of the 
tissue examined. Types and gradations of patho- 
logical variations must be clearly defined. Tests 
of the examiner’s ability to observe and interpret 
the condition of the tissue accurately should be 
made by comparing two series of examinations 
on the same persons. Many studies have shown 
that physicians cannot consistently repeat their 
clinical evaluation of physical signs, and that 
wide variations among different physicians in 
rating the same person are to be expected. In ex- 
perimental studies, such differences must be re- 
duced to a minimum by developing well-defined 
criteria for evaluating the condition and training 
the examiners in the use of the criteria. 

A number of factors in addition to the initial 
deficiency state can influence the response, or 
rate of response, to nutritional therapy or can 
bring about alteration of some of the signs of 
deficiency without therapy. These factors would 
include diet and all the non-dietary conditioning 
factors. The extent to which comparability of the 
groups of treated and untreated persons should 
be controlled by matching subjects in each group 
with respect to these factors will depend on the 
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nature of the differences among persons available 
for the study, on the size of the groups, and on 
the duration of the experiment. If the groups are 
large, equalization of the influence of some varia- 
bles can be expected from chance variation. Fac- 
tors known to affect or suspected of affecting 
therapeutic response to a major degree should be 
controlled. Some of these may be mentioned. 

Persons with various types of disease or dys- 
function which seriously affect the nutritional 
process or metabolism should be excluded from 
the study. Therapeutic response of such persons 
should be a special study. 

Grouping by sex and age affords some control 
of the variations in metabolic rate and hormonal 
activity, and, in the case of children, of the factor 
of growth. For therapeutic studies on children in 
or approaching the adolescent period, classifica- 
tion by an index of developmental age will be 
necessary unless the numbers of persons in the 
control and therapy groups are so large that 
equal variation in the two groups safely can be 
left to chance. Grouping of adults by occupation 
or some index of physical activity may be neces- 
sary to control the factor of energy expenditure. 
Also special conditions such as exposure to heat 
or cold or toxic chemicals may need to be con- 
trolled. 

Comparability of therapy and control sub- 
jects should be controlled to some degree with 
respect to dietary habits, especially in a long- 
time study on chronic signs. For this purpose it 
is sufficient to obtain enough information to 
identify those eating a definitely poor diet or 
having unusual food habits. Subjects should be 
classified as to whether diet was probably the 
major or primary factor in causing the deficiency 
condition noted or other factors have had a 
dominant role. Although the therapeutic dosage 
or supplement will supply an excess of the nu- 
trient being tested, the diets of the subjects may 
affect the results. Persons in the control group 
as well as those on therapy whose diet is not the 
primary cause of deficiency may show definite im- 
provement as a result of change in other condi- 
tions which had disturbed the balance between 
nutrient supply and tissue need. Exacerbation of 
acute signs and spontaneous remission are fre- 
quently observed. Also, diets of persons in both 
the control and therapy groups may improve 
with benefit to tissue condition. Interpretation of 
results can be greatly aided by knowledge of 
dietary habits. 
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When the classification of the acute and chronic 
deficiency signs has been made for all subjects 
selected for the therapeutic study and those in 
each diagnosis class have been placed in various 
sub-groups for sex, age, and any other selected 
indices of conditioning factors and for quality of 
diet, persons in each sub-group are allocated 
either to the control or a therapy group. Alloca- 
tion should be on a random basis. If the classifi- 
cations have been made to take into account 
the known factors of possible influence on the re- 
sults, there is little opportunity for a selective 
bias in forming the control and therapy groups. 

In a situation in which the test subjects are 
accumulated over a period of time, that is, new 
subjects are added as they become available, a 
system of random allocation to the control or 
therapy group is necessary. Assignment of each 
new subject may be made alternately to pre- 
determined sub-groups. A table is drawn up with 
two or more columns for each diagnosis class, one 
column for control subjects and a column for 
each therapy group. Under each column a space 
is provided for each of the sub-groups, i.e. con- 
trolled factors. When new subjects are classified 
with respect to diagnosis and other controlled 
factors, they are assigned successively in a con- 
stant order to the appropriate sub-group in the 
control column for the specific diagnosis class or 
to a therapy column. 

The plan for a therapeutic test on nutritional 
deficiency signs must take into account the evi- 
dence on time required for reconstitution of the 
tissues involved. There is evidence that restora- 
tion of tissues showing marked changes indicative 
of a chronic nutritional deficiency is obtained only 
after treatment for several years. Although chro- 
nicity of deficiency states is accepted, acceptance 
of the need for and validity of long-time thera- 
peutic experiments has not been so general. 
Resistance to the idea of slow reversal of tissue 
pathology seems to rest chiefly on two points. 
First, it is contrary to experience with the re- 
sponse of acute deficiency diseases in which re- 
lief of symptoms and remission of gross pa- 
thology is prompt and often dramatic. To expect 
the same rate of response for chronic lesions is 
reasoning from analogy which can lead to un- 
sound conclusions. Second, the validity of as- 
cribing results obtained after several years to 
specific therapy is questioned since control of con- 
ditions during the period is not possible. It is true 
that the long-time study increases the difficulty 
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of isolating the effects of a single factor and im- 
poses a need for more information on other fac- 
tors of potential influence. Nevertheless, ap- 
praisal of results of long-time therapy is entirely 
possible if the experiment is scientifically planned 
and sound statistical methods are used in the 
analysis of the results. Certainly the hypothesis 
that many tissue conditions will respond to long- 
time nutritional therapy must be tested by fur- 
ther studies. 

The evaluation and interpretation of the effects 
of therapy over a period of two or more years 
requires repeated observations on the populations 
of both the control and therapy groups. Re- 
examination may be at intervals of six months 
to a year. At these times, data on factors dis- 
cussed, i.e. non-dietary conditions and diets, 
should be obtained to appraise their influence 
and the continued comparability of the groups. 

In addition to evidence on effects of therapy, 
observations over a period of several years on the 
persons not receiving therapy can be of great 
interest. The development of the deficiency signs 
could be charted and evidence of spontaneous im- 
provement could be obtained together with data 
on the conditions under which improvement or 
regression occurred. 

Another problem of interest that requires care- 
ful formulation of the objective and a well- 
designed plan for the investigation is that of 
prevalence. Prevalence data relating to nutri- 
tional status have been criticized widely. Some- 
times the critic misinterprets the data reported, 
but too often the data have not been collected 
and analyzed by scientific methods adequate to 
justify the interpretation given to the results. A 
prevalence rate is simply the proportion of per- 
sons affected in some specified way at a given 
time. To have definite meaning, a prevalence 
rate must be defined as to the universe, that is, 
the group to which it applies and as to the condi- 
tions included in the rate. A prevalence rate may 
apply to a very limited group as, for example, 
children attending a particular school, or to an 
entire community, but the rate is presumed to be 
representative of the prescribed population 
Therefore, if the data are not collected for the 
entire population of the universe included by 
definition, sampling techniques must be utilized 
to permit a valid estimate of the true rate from 
data for a part of the population. The application 
of sampling techniques, a specialized statistical 
procedure, requires basic information on the 
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composition of the population with respect to 
factors that may have a determining influence on 
the occurrence of the condition. Thus there is 
the necessity to decide what factors are to be 
used as a basis for sampling and to obtain the 
data on composition of the population for these 
factors. 

The prevalence rate must apply to a well- 
defined condition and, in the case of nutritional 
deficiencies, specific definition is very important. 
Standards for criteria of diagnosis must be es- 
tablished, they must remain constant throughout 
a survey, and different examiners must be able 
to make comparable observations and diagnoses. 
It is entirely proper to set any standard desired. 
A prevalence rate may refer to pellagra with 
specified criteria for diagnosis, or to chronic le- 
sions of the tongue with, or without, specified 
acute or sub-acute manifestations. Rates on one 
set of criteria cannot be compared with those on 
another set of criteria. Furthermore, some de- 
ficiency diseases can be diagnosed at earlier 
stages than others, and prevalence rates for 
different deficiencies based on signs indicative of 
different degrees or severity of the deficiency 
should not be compared. 

Prevalence rates for component groups of the 
population differing with respect to individual 
characteristics, such as sex and age, economic 
and social environment, are the basic descriptive 
material for the epidemiological study of dis- 
ease. With improved diagnosis of deficiency states, 
epidemiological studies of deficiency diseases can 
add much to our understanding of their occurrence 
under various conditions of the natural environ- 
ment, i.e. as mass phenomena, and of the rela- 
tion of personal habits and traits to their oc- 
currence. As has been true of other diseases, 
knowledge of the epidemiology of nutritional 
diseases can contribute greatly to the develop- 
ment of preventive measures. 
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The plan of a study, as I have tried to indicate, 
outlines the data that are to be collected and the 
methods for obtaining the desired data. It should 
provide also for systematic recording of data in 
a uniform manner. Too often it is assumed that 
when a record form and instructions for its use 
have been provided, the problem of good records 
is taken care of. Constant supervision and check- 
ing of records for completeness, for accuracy and 
clarity, and for continued uniformity of observa- 
tions should be given by a competent person with 
sufficient background to judge the quality of the 
records. 

The techniques for analysis of data will have 
been determined and, in fact, anticipated to a 
large extent by the plan for the investigation. 
Simple methods often are sufficient for presenta- 
tion and interpretation of results but, at times, 
complex statistical procedures are required. Cor- 
rect analysis of the data is as essential as any 
other part of the investigation, and adequate 
provision should be made for this phase. 

In this discussion I have attempted to show 
that research in the field of nutrition, including 
clinical research, can be aided by application of 
the principles and methods of statistics. As Green- 
wood,! the British biometrician, recently said: 
“The demand for statisticians has increased for 
two reasons. The first is that statistical methods 
have become far more exact and searching. ... 
The next is that experiments are expensive in 
money and time; we want results as cheaply as 
possible and as quickly as possible. It is therefore 
important to squeeze the last drop of information 
out of an experiment, i.e., to plan it properly and 
to analyze the data in the most efficient way.” 
As nutritional investigations move out of the 
laboratory into the field of human studies, the 
need for statistical techniques increases. 


1 GREENWOOD, Major. British M. J. September 
4, 1948, p. 467. 





